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Preface to the Second Edition 



In the twenty years since the first edition, the promise of the Standard Model of Particle 
Physics has been fulfilled. The detailed behavior of the W and Z bosons did conform to 
expectations. The sixth quark finally arrived. The pattern of CP violation in B mesons fit 
convincingly the predictions based on the Kobayashi-Maskawa model. These three devel- 
opments require three new chapters. The big surprise was the observation of neutrino oscil- 
lations. Neutrino masses and oscillations were not required by the Standard Model but are 
easily accommodated within it. An extensive fourth new chapter covers this history. 

Though the neutrino story is not yet fully known, the basics of the Standard Model are 
all in place and so this is an appropriate time to update the Experimental Foundations of 
Particle Physics. We fully anticipate that the most exciting times in particle physics lie just 
ahead with the opening of the Large Hadron Collider at CERN. This Second Edition pro- 
vides a recapitulation of some 75 years of discovery in anticipation of even more profound 
revelations. 

Not only physics has changed, but technology, too. The bound journals we dragged to 
the xerox machine are now available from the internet with a few keystrokes on a laptop. 
Nonetheless, we have chosen to stick with our original format of text alternating with 
reprinted articles, believing Gutenberg will survive Gates and that there is still great value 
in having the physical text in your hands. 

Choosing articles to reprint has become more difficult with the proliferation of experi- 
ments aimed at the most promising measurements. In some cases we have been forced to 
make an arbitrary selection from competing experiments with comparable results. 

We would like to acknowledge again the physicists whose papers we reprint here. We 
have benefited from the advice of many colleagues for this Second Edition and would 
like to mention, in particular, Stuart Freedman, Fred Gilman, Dave Jackson, Zoltan Ligeti, 
Kerstin Tackmann, Frank Tackmann, George Trilling, and Stan Wojcicki. 

R. N. C. 
G. G. 

Berkeley, California, 2008 
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Preface to the First Edition 



Fifty years of particle physics research has produced an elegant and concise theory of 
particle interactions at the subnuclear level. This book presents the experimental founda- 
tions of that theory. A collection of reprints alone would, perhaps, have been adequate 
were the audience simply practicing particle physicists, but we wished to make this mate- 
rial accessible to advanced undergraduates, graduate students, and physicists with other 
fields of specialization. The text that accompanies each selection of reprints is designed to 
introduce the fundamental concepts pertinent to the articles and to provide the necessary 
background information. A good undergraduate training in physics is adequate for under- 
standing the material, except perhaps some of the more theoretical material presented in 
smaller print and some portions of Chapters 6, 7, 8, and 12, which can be skipped by the 
less advanced reader. 

Each of the chapters treats a particular aspect of particle physics, with the topics given 
basically in historical order. The first chapter summarizes the development of atomic and 
nuclear physics during the first third of the twentieth century and concludes with the dis- 
coveries of the neutron and the positron. The two succeeding chapters present weakly 
decaying non-strange and strange particles, and the next two the antibaryons and the res- 
onances. Chapters 6 and 7 deal with weak interactions, parity and CP violation. The con- 
temporary picture of elementary particles emerges from deep inelastic lepton scattering in 
Chapter 8, the discovery of charm and the tau lepton in Chapter 9, quark and gluon jets 
in Chapter 10, and the discovery of the b-quark in Chapter 11. The synthesis of all this 
is given in Chapter 12, beginning with neutral current interactions and culminating in the 
discovery of the W and Z. 

A more efficient presentation can be achieved by working in reverse, starting from the 
standard model of QCD and electroweak interactions and concluding with the hadrons. 
This, however, leaves the reader with the fundamentally false impression that particle 
physics is somehow derived from an a priori theory. It fails, too, to convey the standard 
model's real achievement, which is to encompass the enormous wealth of data accumulated 
over the last fifty years. 

Our approach, too, has its limitations. Devoting pages to reprinting articles has forced 
sacrifices in the written text. The result cannot be considered a complete textbook. The 
reader should consult some of the additional references listed at the end of each chapter. 






xii Preface to the First Edition 

The text by D. H. Perkins provides an excellent supplement. A more fundamental problem 
is that, quite naturally, we have reprinted (we believe) correct experiments and provided 
(we hope!) the correct interpretations. However, at any time there are many contending 
theories and sometimes contradictory experiments. By selecting those experiments that 
have stood the test of time and ignoring contemporaneous results that were later disproved, 
this book inevitably presents a smoother view of the subject than would a more histor- 
ically complete treatment. Despite this distortion, the basic historical outline is clear. In 
the reprinted papers the reader will see the growth of the field, from modest experiments 
performed by a few individuals at cosmic-ray laboratories high atop mountains, to monu- 
mental undertakings of hundreds of physicists using apparatus weighing thousands of tons 
to measure millions of particle collisions. The reader will see as well the development of 
a description of nature at the most fundamental level so far, a description of elegance and 
economy based on great achievements in experimental physics. 

Selecting articles to be reprinted was difficult. The sixty or so experimental papers ulti- 
mately selected all played important roles in the history of the field. Many other important 
articles have not been reprinted, especially when there were two nearly simultaneous dis- 
coveries of the same particle or effect. In two instances, for the sake of brevity, we chose 
to reprint just the first page of an article. By choosing to present usually the first paper on a 
subject often a later paper that may have been more complete has been neglected. In some 
cases, through oversight or ignorance we may simply have failed to include a paper that 
ought to be present. Some papers were not selected simply because they were too long. 
We extend our apologies to our colleagues whose papers have not been included for any of 
these reasons. The reprinted papers are referred to in boldface, while other papers are listed 
in ordinary type. The reprinted papers are supplemented by numerous figures taken from 
articles that have not been reprinted and which sometimes represent more recent results. 
Additional references, reviews or textbooks, are listed at the end of each chapter. 

Exercises have been provided for the student or assiduous reader. They are of varying 
difficulty; the most difficult and those requiring more background are marked with an aster- 
isk. In addition to a good standard textbook, the reader will find it helpful to have a copy of 
the most recent Review of Particle Properties, which may be obtained as described at the 
end of Chapter 2. 

G. G. would like to acknowledge 15 years of collaboration in particle physics with 
Sulamith Goldhaber (1923-1965). 

We would like to thank the many particle physicists who allowed us to reproduce their 
papers, completely or in part, that provide the basis for this book. We are indebted, as well, 
to our many colleagues who have provided extensive criticism of the written text. These 
include F. J. Gilman, J. D. Jackson, P. V. Landshoff, V. Liith, M. Suzuki, and G. H. Trilling. 
The help of Richard Robinson and Christina F. Dieterle is also acknowledged. Of course, 
the omissions and inaccuracies are ours alone. 

R. N. C. 
G. G. 

Berkeley, California, 1988 
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The Atom Completed and a New Particle 



The origins of particle physics: The atom, radioactivity, 

and the discovery of the neutron and the positron, 1895-1933. 

The fundamental achievement of physical science is the atomic model of matter. That 
model is simplicity itself. All matter is composed of atoms, which themselves form aggre- 
gates called molecules. An atom contains a positive nucleus very much smaller than the 
full atom. A nucleus with atomic mass A contains Z protons and A — Z neutrons. The 
neutral atom has, as well, Z electrons, each with a mass only 1/1836 that of a proton. The 
chemical properties of the atom are determined by Z; atoms with equal Z but differing A 
have the same chemistry and are known as isotopes. 

This school-level description did not exist at all in 1895. Atoms were the creation of 
chemists and were still distrusted by many physicists. Electrons, protons, and neutrons 
were yet to be discovered. Atomic spectra were well studied, but presented a bewilder- 
ing catalog of lines connected, at best, by empirical rules like the Balmer formula for the 
hydrogen atom. Cathode rays had been studied, but many regarded them as uncharged, 
electromagnetic waves. Chemists had determined the atomic weights of the known ele- 
ments and Mendeleev had produced the periodic table, but the concept of atomic number 
had not yet been developed. 

The discovery of X-rays by W. C. Rontgen in 1895 began the revolution that was to pro- 
duce atomic physics. Rontgen found that cathode-ray tubes generate penetrating, invisible 
rays that can be observed with fluorescent screens or photographic film. This discovery 
caused a sensation. Royalty vied for the opportunity to have their hands X-rayed, and soon 
X-rays were put to less frivolous uses in medical diagnosis. 

The next year, Henri Becquerel discovered that uranium emitted radiation that could 
darken photographic film. While not creating such a public stir as did X-rays, within two 
years radioactivity had led to remarkable new results. In 1898, Marie Curie, in collabora- 
tion with her husband, Pierre, began her monumental work, which resulted in the discovery 
of two new elements, polonium and radium, whose level of activity far exceeded that of 
uranium. This made them invaluable sources for further experiments. 

A contemporaneous achievement was the demonstration by J. J. Thomson that cathode 
rays were composed of particles whose ratio of charge to mass was very much greater 

1 



2 1. The Atom Completed and a New Particle 

than that previously measured for ions. From his identification of electrons as a universal 
constituent of matter, Thomson developed his model of the atom consisting of many, 
perhaps thousands of electrons in a swarm with balancing positive charge. In time, how- 
ever, it became clear that the number of electrons could not be so great without conflicting 
with data on the scattering of light by atoms. 

The beginning of the new century was marked by Planck's discovery of the blackbody 
radiation law, which governs emission from an idealized object of a specified tempera- 
ture. Having found empirically a functional form for the energy spectrum that satisfied 
both theoretical principles and the high-quality data that had become available, Planck per- 
sisted until he had a physical interpretation of his result: An oscillator with frequency v 
has energy quantized in units of h v. In one of his three great papers of 1905, Einstein used 
Planck's constant, h, to explain the photoelectric effect: Electrons are emitted by illumi- 
nated metals, but the energy of the electrons depends on the frequency of the light, not its 
intensity. Einstein showed that this could be explained if light of frequency v were com- 
posed of individual quanta of energy h v. 

Investigations of radioactivity were pursued by others besides Becquerel and the Curies. 
A young New Zealander, Ernest Rutherford came to England after initiating his own 
research on electromagnetic waves. He was soon at the forefront of the investigations of 
radioactivity, identifying and naming alpha and beta radiation. At McGill University in 
Montreal, he and Frederick Soddy showed that radioactive decay resulted in the transmu- 
tation of elements. In 1907, Rutherford returned to England to work at Manchester, where 
his research team determined the structure of the atom. 

Rutherford's favorite technique was bombardment with alpha particles. At McGill, 
Rutherford had found strong evidence that the alpha particles were doubly ionized helium 
atoms. At Manchester, together with Thomas Royds, he demonstrated this convincingly 
in 1909 by observing the helium spectrum produced in a region surrounding a radioactive 
source. Hans Geiger and Ernest Marsden, respectively aged 27 and 20, carried out an 
experiment in 1909 under Rutherford's direction in which alpha particles were observed 
to scatter from a thin metal foil. Much to their surprise, many of the alpha particles were 
scattered through substantial angles. This was impossible to reconcile with Thomson's 
model of the atom. In 1911, Rutherford published his analysis of the experiment showing 
that the atom had a small, charged nucleus. 

This set the stage for the efforts of Niels Bohr. The atom of J. J. Thomson did not a 
priori have any particular size. The quantities of classical nonrelativistic physics 
did not provide dimensionful quantities from which a size could be constructed. In 
addition to the electron mass, m e , there was the electron's charge squared, e 2 , with 
dimensions mass x length 3 /time 2 . Bohr noted that Planck's constant had dimensions 
mass x length 2 /time. In a somewhat ad hoc way, Bohr managed to combine m e , e 2 , and 
h to obtain as a radius for the hydrogen atom ao — h 2 /(m e e 2 ), where h — h/2jr, and 
derived the Balmer formula for the hydrogen spectrum, and the Rydberg constant which 
appears in it. 

Despite this great achievement, the structure of atoms with higher values of Z 
remained obscure. In 1911, Max von Laue predicted that X-rays would show diffraction 
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characteristics when scattered from crystals. This was demonstrated in short order by 
Friedrich and Knipping and in 1914 Moseley was able to apply the technique to analyze X- 
rays emitted by the full list of known elements. He found that certain discrete X-ray lines, 
the K lines, showed a simple behavior. Their frequencies were given by v — vq(h — a) 2 , 
where vo was a fixed frequency and a was a constant near 1. Here n took on integral 
values, a different value for each element. Moseley immediately understood that n gave 
the positive charge of the nucleus. In a stroke, he had brought complete order to the table 
of elements. The known elements were placed in sequence and gaps identified for the 
missing elements. 

While the atomic number was an integer, the atomic weights measured relative to hydro- 
gen were sometimes close to integers and sometimes not, depending on the particular ele- 
ment. Soddy first coined the term isotopes to refer to chemically inseparable versions of 
an element with differing atomic weights. By 1913, J. J. Thomson had demonstrated the 
existence of neon isotopes with weights 20 and 22. The high-precision work of F. W. Aston 
using mass spectrometry established that each isotope had nearly integral atomic weight. 
The chemically observed nonintegral weights were simply due to the isotopic mixtures. It 
was generally assumed that the nucleus contained both protons and electrons, with their 
difference determining the chemical element. 

The story of the years 1924-7 is well-known and needs no repeating here. Quantum 
mechanics developed rapidly, from de Broglie's waves through Heisenberg's matrix 
mechanics to its mature expression in the Schrodinger equation and Dirac's formulation of 
transition amplitudes. The problem of the electronic structure of the atom was reduced to 
a set of differential equations, approximations to which explained not just hydrogen, but 
all the atoms. Only the nucleus remained a mystery. 

While the existence of the neutron was proposed by Rutherford as early as 1920, until its 
actual discovery both theorists and experimenters continued to speak of the nucleus as hav- 
ing A protons and A — Z electrons. The development of quantum mechanics compounded 
the problems of this model. It was nearly impossible to confine the electron inside a space 
as small as a nucleus, since by the uncertainty principle this would require the electron to 
have very large momentum. 

By 1926 it was understood that all particles were divided into two classes according to 
their angular momentum. The total angular momentum (spin) of a particle is always an 
integral or half-integral multiple of H. Those with half-integral angular momentum (in units 
of K) are called fermions, while those with integral angular momentum are called bosons. 
The quantum mechanical wave function of a system (e.g. an atom) must be antisymmetric 
under the interchange of identical fermions and symmetric under the interchange of identi- 
cal bosons. Electrons, protons, and neutrons all have spin 1/2 (angular momentum HI2) and 
are thus fermions. The alpha particle with spin 0 and the deuteron with spin 1 are bosons. 

These fundamental facts about spin could not be reconciled with the prevailing picture 
of the nucleus N 7 4 . If it contains 14 protons and 7 electrons, it should be a fermion and 
have half-integral spin. In fact, it was shown to have spin 1 by Ornstein and van Wyk, who 
studied the intensities of rotational bands in the spectrum of N't, and shown to be a boson 
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by measurements of its Raman spectrum by Rasetti. These results were consistent with 
each other, but not with the view that N^ 4 contained 14 protons and 7 electrons. 

Walter Bothe and Herbert Becker unknowingly observed neutrons when they used polo- 
nium as an alpha source to bombard beryllium. They produced the reaction: 

He 4 + Be^C^ 2 + n'. 

Bothe and Becker observed neutral "penetrating radiation" that they thought was X-rays. 
In 1931, Irene Curie and her husband, Frederic Joliot, studied the same process and showed 
that the radiation was able to knock protons out of paraffin. Unfortunately, Joliot and Curie 
misinterpreted the phenomenon as scattering of gamma rays on protons. James Chadwick 
knew at once that Joliot and Curie had observed the neutral version of the proton and set 
out to prove it. His results were published in 1932 (Ref. 1.1, Ref. 1.2). 

Chadwick noted that the proton ejected by the radiation had a velocity about one-tenth 
the speed of light. A photon capable of causing this would have an energy of about 50 Me V, 
an astonishingly large value since gamma rays emitted by nuclei usually have energies of 
just a few MeV. Furthermore, Chadwick showed that the same neutral radiation ejected 
nitrogen atoms with much more energy than could be explained by the hypothesis that 
the incident radiation consisted of photons, even if it were as energetic as 50 MeV. All 
these difficulties vanished if it was assumed that the incident radiation was due to a neutral 
partner of the proton. The problem with the statistics of the N^ 4 nucleus was also solved. 
It consisted simply of seven neutrons and seven protons. It had integral spin and was thus 
a boson. With the discovery of the neutron, the last piece was in place: The modern atom 
was complete. 

The neutron provided the key to understanding nuclear beta decay. In 1930, Wolfgang 
Pauli had postulated the existence of a light, neutral, feebly interacting particle, the neutrino 
(v). Pauli did this to explain measurements demonstrating the apparent failure of energy 
conservation when a radioactive nucleus emitted an electron (beta ray). The unobserved 
energy was ascribed to the undetected neutrino. As described in Chapter 6, Enrico Fermi 
provided a quantitative theory based on the fundamental process n — »■ pev. 

In the same year as Chadwick found the final ingredient of tangible matter, 
C. D. Anderson began his exploration of fundamental particles that are not found ordi- 
narily in nature. The explorations using X-rays and radioactive sources were limited to 
energies of a few MeV. To obtain higher energy particles it was necessary to use cosmic 
rays. The first observations of cosmic rays were made by the Austrian, Victor Hess, who 
ascended by balloon with an electrometer to an altitude of 5000 m. Pioneering measure- 
ments were made by the Soviet physicist Dimitry Skobeltzyn who used a cloud chamber 
to observe tracks made by cosmic rays. As described in greater detail in the next chapter, 
charged particles passing through matter lose energy by ionizing atoms in the medium. 
A cloud chamber contains a supersaturated vapor that forms droplets along the trail of 
ionization. When properly illuminated these tracks are visible and can be photographed. 
The momenta of the charged particles can be measured if the cloud chamber is placed in a 
magnetic field, where the curvature of the track is inversely proportional to the momentum. 
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Anderson was studying cosmic-ray particles in his cloud chamber built together with 
R. A. Millikan at the California Institute of Technology (Ref. 1.3) when he discovered the 
positron, a particle with the same mass as the electron but with the opposite charge. The 
cloud chamber had a 15-kG field. A 6-mm plate of lead separated the upper and lower 
portions of the chamber. Surprisingly, the first identified positron track observed entered 
from below. It was possible to prove this was a positive track entering from below rather 
than a negative track entering from above by noting the greater curvature above the plate. 
The greater curvature indicated lower momentum, the result of the particle losing energy 
when it passed through the lead plate. Having disposed of the possibility that there were 
two independent tracks, Anderson concluded that he was dealing with a new positive par- 
ticle with a charge less than twice that of the electron and a mass much less than that of a 
proton. Indeed, if the charge was assumed equal in magnitude to that of the electron, the 
mass had to be less than 20 times the mass of the electron. 

Just a few years before, P. A. M. Dirac had presented his relativistic wave equation 
for electrons, which predicted the existence of particles with a charge opposite that of 
the electron. Originally, Dirac identified these as protons, but J. Robert Oppenheimer and 
others showed that the predicted particles must have the same mass as the electron and 
hence must be distinct from the proton. Anderson had discovered precisely the particle 
required by the Dirac theory, the antiparticle of the electron, the positron. 

While the discovery was fortuitous, Anderson had, of course, been aware of the predic- 
tions of the Dirac theory. Oppenheimer was then splitting his time between Berkeley and 
Caltech, and he had discussed the possibility of there being a particle of electronic mass 
but opposite charge. What was missing was an understanding of the mechanism that would 
produce these particles. Dirac had proposed the collision of two gamma rays giving an 
electron and a positron. This was correct in principle, but unrealizable in the laboratory. 
The correct mechanism of pair production was proposed after Anderson's discovery by 
Blackett and Occhialini. An incident gamma ray interacts with the electromagnetic field 
surrounding a nucleus and an electron-positron pair is formed. This is simply the mecha- 
nism proposed by Dirac with one of the gamma rays replaced by a virtual photon from the 
electromagnetic field near the nucleus. In fact, Blackett and Occhialini had evidence for 
positrons before Anderson, but were too cautious to publish the result (Ref. 1.4). 

Anderson's positron (e + ), Thomson's electron (e~), and Einstein's photon (y) filled all 
the roles called for in Dirac's relativistic theory. To calculate their interactions in processes 
like e~e~ — ► e~e~ (M0ller scattering), e + e~ — ► e + e~ (Bhabha scattering), or ye~ — > 
ye~ (Compton scattering) was a straightforward task, when considered to lowest order in 
the electromagnetic interaction. It was clear, however, that in the Dirac theory there must be 
corrections in which the electromagnetic interaction acted more than the minimal number 
of times. Some of these corrections could be calculated. Uehling and Serber calculated the 
deviation from Coulomb's law that must occur for charged particles separated by distances 
comparable to the Compton wavelength of the electron, h/m e c « 386 fm (1 fm = 1 fermi 
= 10~ 15 m). Other processes, however, proved intractable because the corrections turned 
out to be infinite ! 
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In the simple version of the Dirac theory, the n — 2 s-wave and p-wave states (orbital 
angular momentum 0 and 1, respectively) of hydrogen with total angular momentum 
(always measured in units of h) J — 1/2 are degenerate. In 1947, Lamb and Retherford 
demonstrated that the 2Si/2 level lay higher than the 2P\/2 level by an amount equivalent 
to a frequency of about 1000 MHz. An approximate calculation of the shift, which was 
due to the emission and reabsorption of virtual photons by the bound electron, was given 
by Hans Bethe. 

A complete formulation of quantum electrodynamics (QED) was given by Richard 
Feynman and independently by Julian Schwinger, whose work paralleled that done earlier 
in Japan by Sin-itiro Tomonaga. The achievement of Tomonaga, Feynman, and Schwinger 
was to show that the infinities found in the Dirac theory did not occur in the physical quan- 
tities of the theory. When the results were written in terms of the physical couplings and 
masses, all the other physical quantities were finite and calculable. 

A test of the new theory was the magnetic moment of the electron. In the simple Dirac 
theory, the magnetic moment was [i — eh/2m e c — 2/j,oJ e , where J e — 1/2 is the electron 
spin and ^q — eh/2m e c is the Bohr magneton. More generally, we can write /x = g e /j,oJ e . 
Because of quantum corrections to the Dirac theory, g e is not precisely 2. In 1948, by 
studying the Zeeman splittings in indium, gallium, and sodium, Kusch found that g e — 
2(1 + 1.19 x 10" 3 ), while Schwinger calculated g e = 2(1 +«/2tt) = 2(1 + 1.16 x 10" 3 ). 
The currently accepted experimental value is 2(1 + 1.15965218111(74) x 10 -3 ) while the 
theoretical prediction is 2(1 + 1.15965218279(771) x 10~ 3 ). The brilliant successes of 
QED made it the standard for what a physical theory should achieve, a standard emulated 
three decades later in theories formulated to describe the nonelectromagnetic interactions 
of fundamental particles. 



Exercises 

1 . 1 Confirm Chadwick's statement that if the protons ejected from the hydrogen were due 
to a Compton-like effect, the incident gamma energy would have to be near 50 MeV 
and that such a gamma ray would produce recoil nitrogen nuclei with energies up 
to about 400 keV. What nitrogen recoil energies would be expected for the neutron 
hypothesis? 

1.2 The neutron and proton bind to produce a deuteron of intrinsic angular momentum 1. 
Given that the spins of the neutron and proton are 1/2, what are the possible values of 
the spin, S — S„ + S p and orbital angular momentum, L, in the deuteron? There is 
only one bound state of a neutron and a proton. For which L is this most likely? The 
deuteron has an electric quadrupole moment. What does this say about the possible 
values of L? 

1.3 A positron and an electron bind to form positronium. What is the relationship between 
the energy levels of positronium and those of hydrogen? 

1.4 The photodisintegration of the deuteron, yd —*■ pn, was observed in 1934 by 
Chadwick and M. Goldhaber (Ref. 1 .5). They knew the mass of ordinary hydrogen to 
be 1.0078 amu and that of deuterium to be 2.0136 amu. They found that the 2.62 MeV 
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gamma ray from thorium C" (Th^ 8 ) was powerful enough to cause the disintegration, 
while the 1.8 MeV y from thorium C (BiS-p) was not. Show that this requires the 
neutron mass to be between 1.0077 and 1.0086 amu. 
1.5 * In quantum electrodynamics there is a symmetry called charge conjugation that turns 
electrons into positrons and vice versa. The "wave function" of a photon changes sign 
under this symmetry. Positronium with spin 5 (0 or 1) and angular momentum L has 
charge conjugation C — (— 1) L+S . Thus the state 3 S\ (S — 1, L — 0) has C = — 1 and 
the state l Sq (S — 0, L — 0) has C = +1. The ^o state decays into two photons, the 
3 Si into three photons. Using dimensional arguments, estimate crudely the lifetimes 
of the ' So and 3 S\ states and compare with the accepted values. [For a review of both 
theory and experiment, see M. A. Stroscio, Phys. Rep., 22, 215 (1975).] 



Further Reading 

The history of this period in particle physics is treated superbly by Abraham Pais in 
Inward Bound, Oxford University Press, New York, 1986. 

A fine discussion of the early days of atomic and nuclear physics is given in E. Segre, 
From X-rays to Quarks: Modern Physicists and Their Discoveries, W. H. Freeman, 
New York, 1980. 

Personal recollections of the period 1930-1950 appear in The Birth of Particle Physics, 
L. M. Brown and L. Hoddeson eds., Cambridge University Press, New York, 1983. See 
especially the article by C. D. Anderson, p. 131. 

Sir James Chadwick recounts the story of the discovery of the neutron in Adventures in 
Experimental Physics, /3, B. Maglich, ed., World Science Education, Princeton, NJ, 1972. 
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Letters to the Editor 

[The Editor does not hold himself responsible for 
opinions expressed by his correspondents. Neither 
can he undertake to return, nor to correspond with 
the writers of, rejected manuscripts intended for this 
or any other part of Nature. No notice is taken 
of anonymous communications.] 

Possible Existence of a Neutron 

It has been shown by Bothe and others that 
beryllium when bombarded by a-particles of polonium 
emits a radiation of great penetrating power, which 
has an absorption coefficient in lead of about 0-3 (cm,)' 1 . 
Recently Mme. Curie-Joliot and M. Joliot found, 
when measuring the ionisation produced by this 
beryllium radiation in a vessel with a thin window, 
that the ionisation increased when matter containing 
hydrogen was placed in front of the window. The 
effect appeared to be due to the ejection of protons 
with velocities up to a maximum of nearly 3 x 10 9 cm. 
per sec. They suggested that the transference of 
energy to the proton was by a process similar to the 
Compton effect, and estimated that the beryllium radia- 
tion had a quantum energy of 50 x 10° electron volts. 

I have made some experiments using the valve 
counter to examine the properties of this radiation 
excited in beryllium. The valve counter consists of 
a small ionisation chamber connected to an amplifier, 
and the sudden production of ions by the entry of a 
particle, such as a proton or a-particle, is recorded 
by the deflexion of an oscillograph. These experi- 
ments have shown that the radiation ejects particles 
from hydrogen, helium, lithium, beryllium, carbon, 
air, and argon. The particles ejected from hydrogen 
behave, as regards range and ionising power, like 
protons with speeds up to about 3-2 x 10 9 cm. per sec. 
The particles from the other elements have a largo 
ionising power, and appear to be in each case recoil 
atoms of the elements. 

If we ascribe the ejection of the proton to a Compton 
recoil from a quantum of 52 x 10 6 electron volts, 
then the. nitrogen recoil atom arising by a similar 
process should have an energy not greater than about 
400,000 volte, should produce not more than about 
10,000 ions, and have a range in air at N.T.P. of 
about 1-3 mm. Actually, some of the recoil atoms 
in nitrogen produce at least 30,000 ions. In col- 
laboration with Dr. Feather, I have observed the 
recoil atoms in an expansion chamber, and their 
range, estimated visually, was sometimes as much 
as 3 mm. at N.T.P. 

These results, and others I have obtained in the 
course of the work, are very difficult to explain on 
the assumption that the radiation from beryllium 
is a quantum radiation, if energy and momentum 
are to be conserved in the collisions. The difficulties 
disappear, however, if it be assumed that the radia- 
tion consists of particles of mass 1 and charge 0, or 
neutrons. The capture of the a-particle by the 
Be» nucleus may be supposed to result in the 
formation of a C 1! nucleus and the emission of the 
neutron. From the energy relations of this process 
the velocity of the neutron emitted in the forward 
direction may well be about 3 x 10 9 cm. per sec. 
The collisions of this neutron with the atoms through 
which it passes give rise to the recoil atoms, and the 
observed energies of the recoil atoms are in fair 
agreement with this view. Moreover, I have ob- 
served that the protons ejected from hydrogen by the 
radiation emitted in the opposite direction to that of 
the exciting a-particle appear to have a much smaller 
range than those ejected by the forward radiation. 
No. 3252, Vol. 129] 



This again receives a simple explanation on the 
neutron hypothesis. 

If it be supposed that the radiation consists of 
quanta, then the capture of the a-particle by the 
Be 9 nucleus will form a C 13 nucleus. The mass 
defect of C 13 is known with sufficient accuracy to 
show that the energy of the quantum emitted in this 
process cannot be greater than about 14 x 10 a volts. 
It is difficult to make such a quantum responsible 
for the effects observed. 

It is to be expected that many of the effects of a 
neutron in passing through matter should resemble 
those of a quantum of high energy, and it is not easy 
to reach the final decision between the two hypo- 
theses. Up to the present, all the evidence is in 
favour of the neutron, while the quantum hypothesis 
can only be upheld if the conservation of energy and 
momentum be relinquished at some point. 

J. Chadwick. 

Cavendish Laboratory, 
Cambridge, Feb. 17. 
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The Positive Electron 

Carl D. Anderson, California Institute of Technology, Pasadena, California 
(Received February 28, 1933) 



Out of a group of 1300 photographs of cosmic-ray tracks 
in a vertical Wilson chamber 15 tracks were of positive 
particles which could not have a mass as great as that of 
the proton. From an examination of the energy-loss and 
ionization produced it is concluded that the charge is less 
than twice, and is probably exactly equal to, that of the 
proton. If these particles carry unit positive charge the 



curvatures and ionizations produced require the mass to be 
less than twenty times the electron mass. These particles 
will be called positrons. Because they occur in groups 
associated with other tracks it is concluded that they must 
be secondary particles ejected from atomic nuclei. 

Editor 



/~\N August 2, 1932, during the course of 
^^ photographing cosmic-ray tracks produced 
in a vertical Wilson chamber (magnetic field of 
15,000 gauss) designed in the summer of 1930 
by Professor R. A. Millikan and the writer, the 
tracks shown in Fig. 1 were obtained, which 
seemed to be interpretable only on the basis of 
the existence in this case of a particle carrying a 
positive charge but having a mass of the same 
order of magnitude as that normally possessed 
by a free negative electron. Later study of the 
photograph by a whole group of men of the 
Norman Bridge Laboratory only tended to 
strengthen this view. The reason that this 
interpretation seemed so inevitable is that the 
track appearing on the upper half of the figure 
cannot possibly have a mass as large as that of a 
proton for as soon as the mass is fixed the energy 
is at once fixed by the curvature. The energy of 
a proton of that curvature comes out 300,000 
volts, but a proton of that energy according to 
well established and universally accepted de- 
terminations 1 has a total range of about 5 mm in 
air while that portion of the range actually 
visible in this case exceeds 5 cm without a 
noticeable change in curvature. The only escape 
from this conclusion would be to assume that at 
exactly the same instant (and the sharpness of 
the tracks determines that instant to within 
about a fiftieth of a second) two independent 



1 Rutherford, Chadwickand Ellis, Radiations from Radio- 
active Substances, p. 294. Assuming R&v* and using data 
there given the range of a 300,000 volt proton in air S.T.P. 
is about 5 mm. 



electrons happened to produce two tracks so 
placed as to give the impression of a single 
particle shooting through the lead plate. This 
assumption was dismissed on a probability basis, 
since a sharp track of this order of curvature 
under the experimental conditions prevailing 
occurred in the chamber only once in some 500 
exposures, and since there was practically no 
chance at all that two such tracks should line up 
in this way. We also discarded as completely 
untenable the assumption of an electron of 20 
million volts entering the lead on one side and 
coming out with an energy of 60 million volts on 
the other side. A fourth possibility is that a 
photon, entering the lead from above, knocked 
out of the nucleus of a lead atom two particles, 
one of which shot upward and the other down- 
ward. But in this case the upward moving one 
would be a positive of small mass so that either 
of the two possibilities leads to the existence of 
the positive electron. 

In the course of the next few weeks other 
photographs were obtained which could be in- 
terpreted logically only on the positive-electron 
basis, and a brief report was then published 2 
with due reserve in interpretation in view of the 
importance and striking nature of the announce- 
ment. 

Magnitude of Charge and Mass 

It is possible with the present experimental 
data only to assign rather wide limits to the 



2 C. D. Anderson, Science 76, 238 (1932). 
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Ref. 1.3: Discovery of the Positron 
CARL D, ANDERSON 




Fig. 1. A 63 million volt positron ( i Hp = 2.1XlW gauss-cm) passing through a 6 mm lead plate 
and emerging as a 23 million volt positron (Hp = 7.Sxl(P gauss-cm). The length of this latter path 
is at least ten times greater than the possible length of a proton path of this curvature. 



magnitude of the charge and mass of the particle. 
The specific ionization was not in these cases 
measured, but it appears very probable, from a 
knowledge of the experimental conditions and by 
comparison with many other photographs of 
high- and low-speed electrons taken under the 
same conditions, that the charge cannot differ in 
magnitude from that of an electron by an amount 
as great as a factor of two. Furthermore, if the 
photograph is taken to represent a positive 
particle penetrating the 6 mm lead plate, then 
the energy lost, calculated for unit charge, is 
approximately 38 million electron-volts, this 
value being practically independent of the proper 
mass of the particle as long as it is not too many 
times larger than that of a free negative electron. 



This value of 63 million volts per cm energy -loss 
for the positive particle it was considered legiti- 
mate to compare with the measured mean of 
approximately 35 million volts 3 for negative 
electrons of 200-300 million volts energy since 
the rate of energy-loss for particles of small 
mass is expected to change only very slowly over 
an energy range extending from several million 
to several hundred million volts. Allowance 
being made for experimental uncertainties, an 
upper limit to the rate of loss of energy for the 
positive particle can then be set at less than four 
times that for an electron, thus fixing, by the 
usual relation between rate of ionization and 



3 C. D. Anderson, Phys. Rev. 43, 381A (1933). 
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charge, an upper limit to the charge less than 
twice that of the negative electron. It is con- 
cluded, therefore, that the magnitude of the 
charge of the positive electron which we shall 
henceforth contract to positron is very probably 
equal to that of a free negative electron which 
from symmetry considerations would naturally 
then be called a negatron. 




"^T 



twenty times that of the negative electron mass. 
Further determinations of Hp for relatively low 
energy particles before and after they cross a 
known amount of matter, together with a study 
of ballistic effects such as close encounters with 
electrons, involving large energy transfers, will 
enable closer limits to be assigned to the mass. 

To date, out of a group of 1300 photographs 
of cosmic- ray tracks 15 of these show positive 
particles penetrating the lead, none of which can 
be ascribed to particles with a mass as large as 
that of a proton , thus establishing the existence 
of positive particles of unit charge and of mass 
small compared to that of a proton. In many 
other cases due either to the short section of 
track available for measurement or to the high 
energy of the particle it is not possible to 
differentiate with certainty between protons and 
positrons. A comparison of the six or seven 
hundred positive-ray tracks which we have 
taken is, however, still consistent with the view 
that the positive particle which is knocked out 
of the nucleus by the incoming primary cosmic 
ray is in many cases a proton. 



Fig. 2. A positron of 20 million voils energy (Hp-J.l 
X 10* gauss-cm) and a negatron of 30 million volts energy 
(lip = 10.2x10* gauss- cm J projected from a plate of lead. 
The range of the positive particle precludes the possibility 
of ascribing it to a proton of the observed curvature. 

It is pointed out that, the effective depth of 
the chamber in the line of sight which is the same 
as the direction of the magnetic lines of force was 
t cm and its effective diameter at right angles 
to that line 14 cm, thus insuring that the particle 
crossed the chamber practically normal to the 
lines of force. The change in direction due to 
scattering in the lead, 3 in this case about 8° 
measured in the plane of the chamber, is a 
probable value for a particle of this energy 
though less than the most probable value. 

The magnitude of the proper mass cannot as 
yet be given further than to fix an upper limit 
to it about twenty times that of the electron 
mass. If Fig. 1 represents a particle of unit 
charge passing through the lead plate then the 
curvatures, on the basis of the information at 
hand on ionization, give too low a value for the 
energy-loss unless the mass is taken less than 





Fig. 3. A group of six particles projected from a region in 
the wall of the chamber. The track at the left of the central 
group of four tracks is a negatron of about 18 million volts 
energy (Hp =6.2X10* gauss-cm) and that at the right a 
positron of about 20 million volts energy (Hp = 7.0X10' 
gauss-cm). Identification of the two tracks In the center is 
not possible. A negatron of about 15 million volts is shown 
at the left. This group represents early tracks which were 
broadened by the diffusion of the ions. The uniformity of 
this broadening for all the tracks shows that the particles 
entered the chamber at the same time. 
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From the fact that positrons occur in groups 
associated with other tracks it is concluded that 
they must be secondary particles ejected from 
an atomic nucleus. If we retain the view that a 
nucleus consists of protons and neutrons (and a- 




FiG. 4. A positron of about 200 million volts energy 
(H P = 6.tiX 10* gauss-cm) penetrates the 11 mm lead plate 
and emerges with about 125 million volts energy (Hp = 4.2 
X 10 5 gauss-cm). The assumption that the tracks represent 
a proton traversing (lie lead plate is inconsistent with the 
observed curvatures. The energies would then be, re- 
spectively, about 20 million and 8 million volts above and 
below the lead, energies too low to permit the proton to 
have a range sufficient to penetrate a plate of lead of 1 1 
mm thickness. 



particles) and that a neutron represents a close 
combination of a proton and electron, then from 
the electromagnetic theory as to the origin of 
mass the simplest assumption would seem to be 
that an encounter between the incoming primary 



ray and a proton may take place in such a way 
as to expand the diameter of the proton to the 
same value as that possessed by the negatron. 
This process would release an energy of a billion 
electron-volts appearing as a secondary photon. 
As a second possibility the primary ray may 
disintegrate a neutron (or more than one) in 
the nucleus by the ejection either of a negatron 
or a positron with the result that a positive or a 
negative proton, as the case may be, remains in 
the nucleus in place of the neutron, the event 
occurring in this instance without the emission 
of a photon. This alternative, however, postulates 
the existence in the nucleus of a proton of 
negative charge, no evidence for which exists. 
The greater symmetry, however, between the 
positive and negative charges revealed by the 
discovery of the positron should prove a stimulus 
to search for evidence of the existence of negative 
protons. If the neutron should prove to be a 
fundamental particle of a new kind rather than 
a proton and negatron in close combination, the 
above hypotheses will have to be abandoned 
for the proton will then in all probability be 
represented as a complex particle consisting of a 
neutron and positron. 

While this paper was in preparation press 
reports have announced that P. M. S. Blackett 
and C. Occhialini in an extensive study of cosmic- 
ray tracks have also obtained evidence for the 
existence of light positive particles confirming 
our earlier report. 

I wish to express my great indebtedness to 
Professor R. A. Millikan for suggesting this 
research and for many helpful discussions during 
its progress, The able assistance of Mr. Seth H. 
Neddermeyer is also appreciated. 



The Muon and the Pion 



The discoveries of the muon and charged pions in cosmic-ray experiments 
and the discovery of the neutral pion using accelerators, 1936-51. 

The detection of elementary particles is based on their interactions with matter. Swiftly 
moving charged particles produce ionization and it is this ionization that is the basis for 
most techniques of particle detection. During the 1930s cosmic rays were studied primarily 
with cloud chambers, in which droplets form along the trails of ions left by the cosmic rays. 
If the cloud chamber is in a region of magnetic field, the tracks show curvature. According 
to the Lorentz force law, the component of the momentum in the plane perpendicular to 
the magnetic field is given by /?(MeV/c) = 0.300 x 10~ 3 Z?(gauss)r(cm) or p(GeV/c) — 
0.300 x B{T)r (m), where r is the radius of curvature. By measuring the track of a particle 
in a cloud chamber it is possible to deduce the momentum of the particle. 

The energy of a charged particle can be deduced by measuring the distance it travels 
before stopping in some medium. The charged particles other than electrons slow primarily 
because they lose energy through the ionization of atoms in the medium, unless they collide 
with a nucleus. The range a particle of a given energy will have in a medium is a function 
of the mass density of the material and of the density of electrons. 

The collisional energy loss per unit path length of a charged particle of velocity v depends essentially 
linearly on the density of electrons in the material, p e — pN^Z/A, where p is the mass density of 
the material, Na is Avogadro's number, and Z and A represent the atomic number and mass of the 
material. The force between the incident particle of charge ze and each electron is proportional to zee, 
where a w 1/137 is the fine structure constant. The energy transferred to the electron in a collision 
is proportional to (za)~- A good representation of the final result for the energy loss is 
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where x — pi measures the path length in g cm . Here y — (1 — v /c ) and / i=s 16Z 
eV is a measure of the ionization potential. A practical feeling for the result is obtained by using 
N A = 6.02 x 10 23 g" 1 and he = 197 MeV fm = 197 MeV 10" 13 cm to obtain the relation 
AnN A ah/m e — 0.307 MeV/ (gem - ). The expression for dE/dx has a minimum when y is 
about 3 or 4. Typical values of minimum ionization are 1 to 2 MeV/(g cm ). 
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2. The Muon and the Pion 
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Figure 2.1. Measurements of dE/dx (inkeVcm ) for many particles produced in e + e~ collisions 
at a center of mass energy of 29 GeV. Each dot represents a single particle. Bands are visible for sev- 
eral distinct particle types. The flat band consists of electrons. The vertical bands, from left to right, 
show muons, charged pions, charged kaons, and protons. There is also a faint band of deuterons. 
The curves show the predicted values of dE/dx. The data were obtained with the Time Projec- 
tion Chamber (TPC) developed by D. Nygren and co-workers at the Lawrence Berkeley Laboratory. 
The ionization measurements are made in a mixture of argon and methane gases at 8.5 atmospheres 
pressure. The data were taken at the Stanford Linear Accelerator Center. [TPC/Two-Gamma Collab- 
oration, Phys. Rev. Lett., 61, 1263, (1988)] 



Since the value of dE/dx depends on the velocity of the charged particle, it is possible to distin- 
guish different particles with the same momentum but different masses by a careful measurement of 
dE/dx. In Figure 2.1 we show an application of this principle. 



Energy loss by electrons is not dominated by the ionization process. In addition to 
losing energy by colliding with electrons in the material through which they pass, elec- 
trons lose energy by radiating photons whenever they are accelerated, a process called 
bremsstrahlung (braking radiation). Near the nuclei of heavy atoms there are intense elec- 
tric fields. Electrons passing by nuclei undergo large accelerations. Although this in itself 
results in little energy loss directly (because the nuclei are heavy and recoil very little), the 
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acceleration produces a good deal of bremsstrahlung and thus energy loss by the electrons. 
This mechanism is peculiar to electrons: Other incident charged particles do not lose much 
energy by bremsstrahlung because their greater mass reduces the acceleration they receive 
from the electric field around the nucleus. The modern theory of energy loss by electrons 
and positrons was developed by Bethe and Heitler in 1934. 

The energy loss by an electron passing through a material is proportional to the density of nuclei, 
pN^/A. The strength of the electrostatic force between the electron and a nucleus is proportional to 
Za where Z is the atomic number of the material. The energy loss is proportional to (Za) a, where 
the electromagnetic radiation by the electron accounts for the final factor of a. A good representation 
of the energy loss through bremsstrahlung is 

dE N A 4Z(Z+l)a 3 (hc) 2 183 

-T = ^— 2 , Eln— = E/X 0 . (2.2) 

dx A m jc A Z'/J 

Of course this represents the energy loss, so the energy varies as exp(— x/Xq) where x is the path 
length (in g/cm ) and Xq is called the radiation length. A radiation length in lead is 6.37 gem 
which, using the density of lead, is 0.56 cm. For iron the corresponding figures are 13.86 gem 
and 1.76 cm. 

If a photon produced by bremsstrahlung is sufficiently energetic, it may contribute to an 
electromagnetic shower. The photon can "convert," that is, turn into an electron-positron 
pair as discussed in the previous chapter. The newly created particles will themselves lose 
energy and create more photons, building up a shower. Eventually the energy of the pho- 
tons created will be less than that necessary to create additional pairs and the shower will 
cease to grow. The positrons eventually slow down and annihilate with atomic electrons to 
produce photons. Thus all the energy in the initial electron is ultimately deposited in the 
material through ionization and excitation of atoms. 

In 1937, Anderson, together with S. H. Neddermeyer, made energy loss measurements 
by placing a 1-cm platinum plate inside a cloud chamber. By measuring the curvature of 
the tracks on both sides of the plate, they were able to determine the loss in momentum. 
Since they observed particles in the 100-500 MeV/c momentum range, if the particles 
were electrons or positrons, they were highly relativistic and their energy was given sim- 
ply by E — pc. According to the Bethe-Heitler theory, the particles should have lost in 
the plate an amount of energy proportional to their incident energy. Moreover, the parti- 
cles with this energy should have been associated with an electromagnetic shower. What 
Neddermeyer and Anderson observed was quite different. The particles could be separated 
into two classes. The first class behaved just as the Bethe-Heitler theory predicted. The 
particles of the second class, however, lost nearly no energy in the platinum plate: They 
were "penetrating." Moreover, they were not associated with electromagnetic showers. 

Since the Bethe-Heitler theory predicted large energy losses for electrons because they 
were light and could easily emit radiation, Neddermeyer and Anderson (Ref. 2.1) were led 
to consider the possibility that the component of cosmic rays that did not lose much energy 
consisted of particles heavier than the electron. On the other hand, the particles in question 
could not be protons because protons of the momentum observed would be rather slow and 
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would ionize much more heavily in the cloud chamber than the observed particles, whose 
ionization was essentially the same as that of the electrons. Neddermeyer and Anderson 
gave as their explanation 

there exist particles of unit charge with a mass larger than that of a normal free electron and much 
smaller than that of a proton .... [That they] occur with both positive and negative charges suggests 
that they might be created in pairs by photons. 

While the penetrating component of cosmic rays had been observed by others before 
Neddermeyer and Anderson, the latter were able to exclude the possibility that this com- 
ponent was due to protons. Moreover, Neddermeyer and Anderson observed particles of 
energy low enough to make the application of the Bethe-Heitler theory convincing. At the 
time, many doubted that the infant theory of quantum electrodynamics, still plagued with 
perplexing infinities, could be trusted at very high energies. The penetrating component of 
cosmic rays could be ascribed to a failure of the Bethe-Heitler theory when the penetrat- 
ing particles were extremely energetic. Neddermeyer and Anderson provided evidence for 
penetrating particles at energies for which the theory was believed to hold. 

At nearly the same time, Street and Stevenson reported similar results and soon improved 
upon them (Ref. 2.2). To determine the mass of the newly discovered particle, they sought 
to measure its momentum and ionization at the same time. Since the ionization is a func- 
tion of the velocity, the two measurements would in principle suffice to determine the 
mass. However, the ionization is weakly dependent on the velocity except when the veloc- 
ity is relatively low, that is, when the particle is near the end of its path and the ionization 
increases dramatically. To obtain a sample of interesting events, Street and Stevenson used 
counters in both coincidence and anticoincidence: The counters fired only if a charged 
particle passed through them and the apparatus was arranged so that the chamber was 
expanded to create supers aturation and a picture taken only if a particle entered the cham- 
ber (coincidence) but was not detected exiting (anticoincidence). This method of triggering 
the chamber was invented by Blackett and Occhialini. In addition, a block of lead was 
placed in front of the apparatus to screen out the showering particles. In late 1937, Street 
and Stevenson reported a track that ionized too much to be an electron with the measured 
momentum, but traveled too far to be a proton. They measured the mass crudely as 130 
times the rest mass of the electron, an answer smaller by a factor 1 .6 than later, improved 
results, but good enough to place it clearly between the electron and the proton. 

In 1935, before the discovery of the penetrating particles, Hideki Yukawa predicted the 
existence of a particle of mass intermediate between the electron and the proton. This parti- 
cle was to carry the nuclear force in the same way as the photon carries the electromagnetic 
force. In addition, it was to be responsible for beta decay. Since the range of nuclear forces 
is about 1 fm, the mass of the particle predicted by Yukawa was about (/i/c)/10 -13 cm « 
200 MeV/c 2 . When improved measurements were made, the mass of the new particle 
was determined to be about 100 MeV/c 2 , close enough to the theoretical estimate to make 
natural the identification of the penetrating particle with the Yukawa particle. 

How could this identification be confirmed? In 1940, Tomonaga and Araki showed that 
positive and negative Yukawa particles should produce very different effects when they 



2. The Muon and the Pion 17 

came to rest in matter. The negative particles would be captured into atomic-like orbits, 
but with very small radii. As a result, they would overlap the nucleus substantially. Given 
that the Yukawa particle was designed to explain nuclear forces, it would certainly interact 
extremely rapidly with the nucleus, being absorbed long before it could decay directly. On 
the other hand, the positive Yukawa particles would come to rest between the atoms and 
would decay. 

The lifetime of the penetrating particle was first measured by Franco Rassetti who found 
a value of about 1.5 x 10~ 6 s. Improved results, near 2.2 x 10~ 6 s were obtained by Rossi 
and Nereson, and by Chaminade, Freon, and Maze. Working under very difficult circum- 
stances in Italy during World War II, Conversi, Pancini, and Piccioni (Ref. 2.3) investigated 
further the decays of positive and negative penetrating particles that came to rest in vari- 
ous materials. Using a magnetic-focusing arrangement that Rossi had developed, Conversi, 
Pancini, and Piccioni were able to select either positive or negative penetrating particles 
from the cosmic rays and then determine whether they decayed or not when stopped in mat- 
ter. The positive particles did indeed decay, as predicted by Tomonaga and Araki. When the 
absorber was iron, the negative particles did not decay, but were absorbed by the nucleus, 
again in accordance with the theoretical prediction. However, when the absorber was car- 
bon, the negative particles decayed. This meant that the Tomonaga-Araki prediction as 
applied to the penetrating particles was wrong by many orders of magnitude: These could 
not be the Yukawa particles. 

Shortly thereafter, D. H. Perkins (Ref. 2.4) used photographic emulsions to record an 
event of precisely the type forecast by Tomonaga and Araki. Photographic emulsions pro- 
vide a direct record of cosmic-ray events with extremely fine resolution. Perkins was able 
to profit from advances in the technology of emulsion produced by Ilford Ltd. The event 
in question had a slow negative particle that came to rest in an atom, most likely a light 
atom like carbon, nitrogen, or oxygen. After the particle was absorbed by the nucleus, the 
nucleus was blasted apart and three fragments were observed in the emulsion. This single 
event apparently showed the behavior predicted by Tomonaga and Araki, contrary to the 
results of the Italian group. 

The connection between the results of Conversi, Pancini, Piccioni and the observation of 
Perkins was made by the Bristol group of Lattes, Occhialini, and Powell (Ref. 2.5) in one 
of several papers by the group, again using emulsions. Their work established that there 
were indeed two different particles, one of which decayed into the other. The observed 
decay product appeared to have fixed range in the emulsion. That is, it appeared always 
to be produced with the same energy. This indicated that the decay was into two bodies 
and not more. Because of inaccurate mass determinations, at first it was believed that the 
unseen particle in the decay could not be massless. Quickly, the picture was corrected and 
completed: The pion, n, decayed into a muon, fjt (the names given by Lattes et al), and 
a very light particle, presumably Pauli's neutrino. The it (which Perkins had likely seen) 
was much like Yukawa's particle except that it was not the origin of beta decay, since beta 
decays produce electrons rather than muons. The /j. (which Anderson and Neddermeyer 
had found) was just like an electron, only heavier. The pion has two charge states, n + and 
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n~ that are charge conjugates of each other and which yield /x + and fi~, respectively, in 
their decays. 

In modern parlance, bosons (particles with integral spin) like the pion that feel nuclear 
forces are called mesons. More generally, all particles that feel nuclear forces, including 
fermions like the proton and neutron are called hadrons. Fermions (particles with half- 
integral spin) like the muon and electron that are not affected by these strong forces are 
called leptons. While a negative pion would always be absorbed by a nucleus upon com- 
ing to rest, the absorption of the negative muon was much like the well-known radioactive 
phenomenon of K-capture in which an inner electron is captured by a nucleus while a 
proton is transformed into a neutron and a neutrino is emitted. In heavy atoms, the nega- 
tive muon could be absorbed (because it largely overlapped with the nucleus) with small 
nuclear excitation and the emission of a neutrino, while in the light atoms it would usually 
decay, because there was insufficient overlap between the muon and the nucleus. 

Cosmic rays were the primary source of high energy particles until a few years after 
World War II. Although proton accelerators had existed since the early 1930s, their low 
energies had restricted their applications to nuclear physics. The early machines included 
Robert J. Van de Graaff 's electrostatic generators, developed at Princeton, the voltage mul- 
tiplier proton accelerator built by J. D. Cockroft and E. T. S. Walton at the Cavendish Lab- 
oratory, and the cyclotron built by Ernest O. Lawrence and Stanley Livingston in Berkeley. 

The cyclotron incorporated Lawrence's revolutionary idea, resonant acceleration of 
particles moving in a circular path, giving them additional energy on each circuit of 
the machine. The particles moved in a plane perpendicular to a uniform magnetic field. 
Cyclotrons typically contain two semi-circular "dees" and the particles are given a kick 
by an electric field each time they pass from one dee to the other, though the original 
cyclotron of Lawrence and Livingston contained just one dee. The frequency of the 
machine was determined by the Lorentz force law, F — evB, and the formula for the 
centripetal acceleration, v 2 /r — F/m — evB/m so that angular frequency is given by 

eB 
co= — . (2.3) 

m 

The cyclotron frequency is independent of the radius of the trajectory: As the energy of 
the particle increases, so does the radius in just such a way that the rotational frequency is 
constant. It was thus possible to produce a steady stream of high energy particles spiraling 
outward from a source at the center. 

Cyclotrons of ever-increasing size were constructed by Lawrence and his team in an 
effort to achieve higher and higher energies. Ultimately the technique was limited by rela- 
tivistic effects. The full equation for the frequency is actually 

eB 

w= (2.4) 

ym 

where y is the factor describing the relativistic mass increase, y — E/mc 2 . When protons 
were accelerated to relativistic velocities, the required frequency decreased. 
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The synchrocyclotron solved this problem by using bursts of particles, each of which 
was accelerated with an RF system whose frequency decreased in just the right way to 
compensate for the relativistic effect. The success of the synchrocyclotron was due to 
the development of the theory of "phase stability" developed by E. McMillan and inde- 
pendently by V. I. Veksler. In 1948, the 350-MeV, 184-inch proton synchrocyclotron at 
Berkeley became operational and soon thereafter Lattes and Gardner observed charged 
pions in photographic emulsions. 

It was already known that cosmic-ray showers had a "soft" component, consisting pri- 
marily of electromagnetic radiation. Indeed, Lewis, Oppenheimer, and Wouthuysen had 
suggested that this component could be due to neutral mesons that decayed into pairs 
of photons. Such neutral mesons, partners of the charged pions, had been proposed by 
Nicholas Kemmer in 1938 in a seminal paper on isospin invariance, the symmetry relating 
the proton to the neutron. 

Strong circumstantial evidence for the existence of a neutral meson with a mass similar 
to that of the charged pion was obtained by Bjorklund, Crandall, Moyer, and York using 
the 184-inch synchrocyclotron (Ref. 2.6). See Figure 2.2. Bjorklund et al. used a pair spec- 
trometer to measure the photons produced by the collisions of protons on targets of carbon 
and beryllium. The pair spectrometer consisted of a thin tantalum radiator in which pho- 
tons produced electron-positron pairs whose momenta were measured in a magnetic field. 
When the incident proton beam had an energy less than 175 MeV, the observed yield of 
photons was consistent with the expectations from bremsstrahlung from the proton. How- 
ever, when the incident energy was raised to 230 MeV, many more photons were observed 
and with an energy spectrum unlike that for bremsstrahlung. The most likely explanation 
of the data was the production of a neutral meson decaying into two photons. 

Evidence for these photons was also obtained in a cosmic -ray experiment by Carlson, 
Hooper, and King working at Bristol (Ref. 2.7). The photons were observed by their con- 
versions into e + e~ pairs in photographic emulsion. See Figure 2.3. This experiment placed 
an upper limit on the lifetime of the neutral pion of 5 x 10~ 14 s. The technique used was 
a new one. The direction of the converted photon was projected back towards the primary 
vertex of the event. The impact parameter, the distance of closest approach of that line 
to the primary vertex, was measured. Because the neutral pion decayed into two photons, 
the direction of a single one, in principle, did not point exactly to the primary vertex. In 
fact, the lifetime could not be measured in this experiment since it turned out to be about 
10~ 16 s, far less than the limit obtainable at the time. 

Direct confirmation of the two-photon decay was provided by Steinberger, Panofsky, 
and Steller (Ref. 2.8) using the electron synchrotron at Berkeley. The synchrotron relied 
on the principle of phase stability underlying the synchrocyclotron, but differed in that the 
beam was confined to a small beam tube, rather than spiraling outward between the poles 
of large magnets. In the electron synchroton, the strength of the magnetic field varied as 
the particles were accelerated. 

The electron beam was used to generate a beam of gamma rays with energies up to 
330 MeV. Two photon detectors were placed near a beryllium target. Events were accepted 
only if photons were seen in both detectors. The rate for these coincidences was studied as 
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Figure 2.2. Gamma-ray yields from proton-carbon collisions at 180 to 340 MeV proton kinetic 
energy. The marked increase with increasing proton energy is the result of passing the jr production 
threshold. The n decays into two photons. (Ref. 2.6) 



a function of the angle between the photons and the angle between the plane of the final 
state photons and the incident beam direction. The data were consistent with the decay of 
a neutral meson into two photons with a production cross section for the neutral meson 
similar to that known for the charged mesons. The two-photon decay proved that the neutral 
meson could not have spin one since Yang's theorem forbids the decay of a spin-1 particle 
into two photons. 



The proof of Yang's theorem follows from the fundamental principle of linear superposition in quan- 
tum mechanics, which requires that the transition amplitude, a scalar quantity, depend linearly on the 
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Figure 2.3. An emulsion event showing an e + e pair created by conversion of a photon from it 
decay. The conversion occurs at the point marked P. (Ref. 2.7) 



(i 



spin orientation of each particle in the process. The decay amplitude for a spin-1 particle into two 
photons would have to be linear in the polarization vector of the initial particle and each of the two 
final-state photons. The polarization vector for a photon points in the direction of the electric field, 
which is perpendicular to the momentum. For a massive spin-1 state it is similar, except that it can 
point in any spatial direction, not just perpendicular to the direction of the momentum. In addition, 
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the amplitude would have to be even under interchange of the two photons since they are identical 
bosons. Since real photons are transversely polarized, if the momentum and polarization vectors of a 
photon are k and e, then k • e = 0. Let the polarization vector of the initial particle in its rest frame 
be r\ and those of the photons be e i and ej ■ Let the momentum of photon 1 be k so that of photon 2 
is — k. We must construct a scalar from these vectors. 

If we begin with e \ ■ 62 the only non-zero factor including r\ is 77 • k, but e 1 • 62 r] ■ k is odd under the 
interchange of 1 and 2 since this takes k into — k. If we start with ey x 62 we have as possible scalars 
e l x e 2 ' V' ( e l x e l) ' (V x k), and e\ x 62 • k r\ ■ k. The first and third are odd under the interchange 
of 1 and 2 and the second vanishes identically since (ej x 62) • (r\ x k) = e j • rj ej ■ k — e^ ■ r\ e\ ■ k. 

A year later, in 1951, Panofsky, Aamodt, and Hadley (Ref. 2.9) published a study of 
negative pions stopping in hydrogen and deuterium targets. Their results greatly expanded 
knowledge of the pions. The experiment employed a more sophisticated pair spectrometer, 
as shown in Figure 2.4. The reactions studied with the hydrogen target were 
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The latter process gave a monochromatic photon whose energy yielded 275.2 ± 2.5 m e 
as the mass of the jt~, an extremely good measurement. See Figure 2.5. The photons 
produced by the decay of the it 0 were Doppler-shifted by the motion of the decaying 
jr°. From the spread of the observed photon energies, it was possible to deduce the mass 
difference between the neutral and charged pion. Again, an excellent result, m^- — m^o — 
10.6 ± 2.0 m e , was obtained. The capture of the ix~ is assumed to occur from an s-wave 
state since the cross section for the /th partial waves is suppressed by k 21 , where k is the 
momentum of the incident pion. If the final jr° is produced in the s-wave, then the parity 
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Figure 2.4. The pair spectrometer used by Panofsky, Aamodt, and Hadley in the study of n~ p and 
n~ d reactions. A magnetic field of 14 kG perpendicular to the plane shown bent the positrons and 
electrons into the Geiger counters on opposite sides of the spectrometer. (Ref. 2.9) 
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Figure 2.5. The photon energy spectrum for ji~ p reactions at rest. The band near 70 MeV is due to 
photons from n decay. The line near 130 MeV is due to n~ p — ► ny. (Ref. 2.9) 

of the neutral and charged pions must be the same. The momentum of the produced n , 
however, is not terribly small so this argument is not unassailable. 

Parity is the name given to the reflection operation r -*■ — r. Its importance was first emphasized by 
Wigner in connection with Laporte's rule, which says that atomic states are divided into two classes 
and electric dipole transitions always take a state from one class into a state in the other. In the 
hydrogen atom, a state with orbital angular momentum / has the property 



Pf(r) = f(-r) = (-!)' f (r). 



(2.5) 



The state is unchanged except for the multiplicative factor of modulus unity. We therefore say that the 
parity is (— 1) . This result is not general. Consider a two-electron atom with electrons in states with 
angular momentum / and /'. The parity is (— 1) + , but the total angular momentum, L, is constrained 
only by \l — l'\ S L S / + /'. Thus, in general the parity need not be (— 1) .Electric dipole transitions 
take an atom in a state of even parity (P — +1) to a state with odd parity (P — —1), and vice versa. 
Elementary particles are said to have an "intrinsic" parity, rj = ±1. The parity operation changes 
the wave function by a factor 17, in addition to changes resulting from the explicit position depen- 
dence. By convention, the proton and neutron each have parity +1. Having established this conven- 
tion, the parity of the pion becomes an experimental question. The deuteron is a state of total angular 
momentum one. The total angular momentum comes from the combined spin angular momentum, 
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which takes the value 1, and the orbital angular momentum, which is mostly 0 (s-wave), but partly 2 
(d-wave). The deuteron thus has parity + 1 . The standard notation gives the total angular momentum, 
J , and parity, P, in the form J = 1 + . The spin, orbital, and total angular momentum are displayed 
in spectroscopic notation as + Ly, that is S\ and Dy for the components of the deuteron. 

With the deuterium target, the reactions that could be observed in the same experiment 
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In fact, the third was not seen, and the presence of the first had to be inferred by comparison 
to the data for jt~ p. (See Figure 2.6). This inference was important because it established 
that the jr~ could not be a scalar particle. If the tt is a scalar and is absorbed from the 
s-wave orbital (as is reasonable to assume), the initial state also has J p — 1 + . However, 
because of the exclusion principle, the only J — \ state of two neutrons is 3 Pi , which 
has odd parity. Thus if n~d —*■ nn occurs, the n~ cannot be a scalar. The absence of the 
third reaction was to be expected if the it~ and jt° had the same parity. The two lowest 
nn states are S and 3 P. The former cannot be produced if the charged and neutral pions 
have the same parity. If the nn state is 3 P, then parity conservation requires that the it 0 be 
in a p-wave. The presence of two p-waves in a process with such little phase space would 
greatly inhibit its production. 

Subsequent experiments determined additional properties of the pions. The spin of the 
charged pion was obtained by comparing the reactions pp — ► jr + d and ir + d — ► pp. The 
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Figure 2.6. The photon energy spectrum from jr d reactions at rest. The line near 130 MeV is due 
to n~ d -> nny. (Ref. 2.9) 
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cross section for a scattering process with two final state particles is related to the Lorentz 
invariant matrix element, M. , by 



da _ 1 p' 
dQ. 64n 2 s p 



.2 



\M | z . (2.6) 



In this relation s is the square of the total energy in the center of mass, p and p' are 
the center-of-mass momenta in the initial state and final states, and d£2 is the solid angle 
element in the center of mass. The matrix element squared is to be averaged over the spin 
configurations of the initial state and summed over those of the final state. 

The reactions pp —*■ it + d and n + d —*■ pp have the same scattering matrix elements 
(provided time reversal invariance is assumed), so their rates (at the same center-of-mass 
energy) differ only by phase space factors (p/ p') and by the statistical factors resulting 
from the spins: 



da(jt + d ->• pp)/dQ _ (2s p + l) 2 p 2 pp 

da(pp -± 7T+d)/dQ ~ (2s d + l)(2s n + 1) p 2 



(2.7) 



d 



where s„ is the spin of the tt + and p xt i and p pp are the center-of-mass momenta for the 
ltd and pp at the same center-of-mass energy. The proton and deuteron spins, s p and Sd, 
were known. The pp reaction was measured by Cartwright, Richman, Whitehead, and 
Wilcox. The reverse reaction was measured independently by Clark, Roberts, and Wilson 
(Ref. 2.10) and then by Durbin, Loar, and Steinberger (Ref. 2.11). 

The comparison showed the jr + to have spin 0. Since the Panofsky, Aamodt, and Hadley 
paper had excluded J p — 0 + for the 7t~ and thus for its charge conjugate, the 7t + nec- 
essarily had J p — 0~ . Since the it 0 decays into two photons it has integral spin and is 
thus a boson. Since it cannot have spin 1, it is reasonable to expect it has spin 0. Then, 
since its parity has been shown to be the same as that of the 7t~, it follows that it, too, 
is 0~. It is, however, possible to measure the parity directly. A small fraction of the time, 
about 1/80, the neutral pion will decay into ye + e~ , the latter two particles being called 
a Dalitz pair. About (1/160) 2 of the time it decays into two Dalitz pairs. By studying the 
correlations between the planes of the Dalitz pairs, it is possible to show directly that the 
jt° has J p — 0~, as was demonstrated in 1959 by Piano, Prodell, Samios, Schwartz, and 
Steinberger (Ref. 2.12). 

The jr° completed the triplet of pions: it~ , jt°, 7t + . The approximate equality of the 
charged and neutral pion masses was reminiscent of the near equality of the masses of the 
neutron and proton. Nuclear physicists had observed an approximate symmetry, isotopic 
spin or isospin. This symmetry explains the similarity between the spacing of the energy 
levels in 13 C (6p, In) and 13 N (6n, 7 p). Just as the nucleons represent an isospin doublet, 
the pions represent an isospin triplet. 

Isospin is so named because its mathematical description is entirely analogous to ordinary spin or 
angular momentum in quantum mechanics. The isospin generators satisfy 

[I x ,I y ] = iI, etc. (2.8) 
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and states can be classified by I = /(/ + 1) and I z . Thus I-{p) — 1/2, I z (n) — —1/2, I z (n + ) = 
1, l-(n ) — 0, etc. The rules for addition of angular momentum apply, so a state of a pion (/ = 1) 
and a nucleon (/ = 1/2) can be either / = 3/2 or / = 1/2. The state n + p has I z = 3/2 and is thus 
purely / = 3/2, whereas n + n has I z = 1/2 and is partly 7 = 1/2 and partly / = 3/2. 

The isospin and parity symmetries contrast in several respects. Parity is related to space- 
time, while isospin is not. For this reason, isospin is termed an "internal" symmetry. Parity 
is a discrete symmetry, while isospin is a continuous symmetry since it is possible to con- 
sider rotations in isospin space by any angle. Isospin is an approximate symmetry since, for 
example, the neutron and proton do not have exactly the same mass. Parity was believed, 
until 1956, to be an exact symmetry. 



Exercises 

2.1 Determine the expected slope of the line in Fig. 1 of Neddermeyer and Anderson, 
Ref. 2.1 assuming the particles are electrons and positrons. 

2.2 Verify the estimate of the mass of the particle seen by Street and Stevenson, Ref. 2.2, 
using the measurement of Hp and the ionization. 

2.3 Assume for simplicity that dE/dx — (dE/dx) m j n /f3 2 = C/j3 2 . Prove that the range 
of a particle of initial energy Eq — myo is R — mc 2 (yo — l) 2 /(Cyo). Find the range of 
a muon in iron (C = 1 .48 MeV cm 2 g~ * ) for initial momentum between 0. 1 GeV/c and 
1 TeV/c. Do the same for a proton. Compare with the curves in the Review of Particle 
Physics. 

2.4 What is the range in air of a typical a particle produced in the radioactive decay of a 
heavy element? 

2.5 How is the mass of the it~ most accurately determined? The mass of the jr°? The 
Review of Particle Physics is an invaluable source of references for measurements of 
this sort. 

2.6 How is the lifetime of the tt° measured? 

2.7 * Use dimensional arguments to estimate very crudely the rate for jr~ absorption by a 
nucleus from a bound orbital. Assume any dimensionless coupling is of order 1 . 

2.8 * Use classical arguments to estimate the time required for a /x~ to fall from the radius 
of the lowest electron orbit to the lowest // orbit in iron. Assume the power is radiated 
continuously in accordance with the results of classical electrodynamics. 

2.9 * The 7r° decays at rest isotropically into two photons. Find the energy and angular 
distributions of the photons if the it 0 has a velocity f> along the z axis. 



Further Reading 

For the early history of particle physics, especially cosmic-ray work, see Colloque inter- 
national sur Vhistoire de la physique des particules, Journal de Physique 48, supplement 
au no. 12. Dec. 1982. Les Editions de Physique, Paris 1982 (in English). 
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Reminiscences of early work on the muon and the pion are contained in many of the arti- 
cles in The Birth of Particle Physics, edited by L. M. Brown and L. Hoddeson, Cambridge 
University Press, Cambridge, 1983. See especially the article by S. Hayakawa for infor- 
mation on the independent developments in Japan that paralleled those discussed in this 
chapter. 

For a flavor of particle physics around 1950 and for the opportunity to learn physics from 
one of the great masters, see Nuclear Physics, from a course taught by Enrico Fermi, 
notes taken by J. Orear, A. H. Rosenfeld, and R. A. Schluter, University of Chicago Press, 
Chicago, 1949. 

For fundamentals of the interaction of elementary particles with matter and an early per- 
spective on experimental particle physics, see High Energy Particles, by Bruno Rossi, 
Prentice-Hall, New York, 1952. 

For a complete classical treatment of the interaction of charged particles with matter, see 
Classical Electrodynamics, Third Edition, by J. D. Jackson, Wiley, New York, 1999. 

For information on particle masses, quantum numbers, and so on, and concise treatments 
of the behavior of high energy particles in matter, see Review of Particle Physics, writ- 
ten by the Particle Data Group and published biennially. A shortened version, the Parti- 
cle Properties Data Booklet, is available for free by writing to the Particle Data Group, 
Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, CA 94720, USA 
or to CERN Scientific Information Service, CH-121 1, Geneva 23, Switzerland. 

For the development of accelerators, see M. Stanley Livingston Particle Accelerators: A 
Brief History, Harvard University Press, Cambridge, Mass., 1969. Fundamental papers 
are reprinted in The Development of High Energy Accelerators, Classics of Science, v. 
Ill, edited by M. S. Livingston, Dover, 1966. 
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MEASUREMENTS 1 of the energy loss of 
particles occurring in the cosmic-ray 
showers have shown that this loss is proportional 
to the incident energy and within the range of 
the measurements, up to about 400 Mev, is in 
approximate agreement with values calculated 
theoretically for electrons by Bethe and Heitler. 
These measurements were taken using a thin 
plate of lead (0.35 cm), and the observed indi- 
vidual losses were found to vary from an amount 
below experimental detection up to the whole 
initial energy of the particle, with a mean frac- 
tional loss of about 0.5. If these measurements 
are correct it is evident that in a much thicker 
layer of heavy material multiple losses should 
become much more important, and the probability 
of observing a particle loss less than a large 
fraction of its initial energy should be very small. 
For the purpose of testing this inference and also 
for checking our previous measurements 2 which 
had shown the presence of some particles less 



{'} Single particles 
fa) Shower particles 
(„) Produce showers 




Fig. 1. Energy loss in 1 cm of platinum. 



1 Anderson and Neddermeyer, Phys. Rev. SO, 263 (1936). 

2 Anderson and Neddermeyer, Report of London Con- 
ference, Vol. 1 (1934), p. 179. 



massive than protons but more penetrating than 
electrons obeying the Bethe-Heitler theory, we 
have taken about 6000 counter-ti ipped photo- 
graphs with a 1 cm plate of platinum placed 
across the center of the cloud chamber. This plate 
is equivalent in electron thickness to 1.96 cm of 
lead, and to 1.86 cm of lead for a Z 2 absorption. 
The results of 55 measurements on particles in 
the range below 500 Mev are given in Fig. 1, 
and in Fig. 2 the distribution of particles is 
shown as a function of the fraction of energy lost. 
The shaded part of the diagram represents parti- 
cles which either enter the chamber accompanied 
by other particles or else themselves produce 
showers in the bar of platinum. It is clear that the 
particles separate themselves into two rather 
well-defined groups, the one consisting largely of 
shower particles and exhibiting a high absorb- 
ability, the other consisting of particles entering 
singly which in general lose a relatively small 
fraction of their initial energy, although there 
are four cases in which the loss is more than 60 
percent. A considerable part of the spread on the 
negative abscissa can be accounted for by errors; 
it seems likely, however, that the case plotted 
at the extreme left represents a particle moving 
upward. Particles of both signs are distributed 
over the whole diagram, and moreover, the initial 
energies of the particles of each group are dis- 
tributed over the whole measured range. 
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Fig. 2. Distribution of fractional losses in 1 cm of platinum. 
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The chief source of error in these experiments 
Hes not in the curvature measurements them- 
selves, but in the track distortions produced by 
irregular motions of the gas in the chamber. 
The distortions are much larger when a thick 
plate is inside the chamber than when it is left 
unobstructed. These distortions are not sufficient 
to alter essentially the distribution of observed 
losses for the nonpenetrating group, but they 
could have a very serious effect in the part of 
the distribution representing small losses. This 
is especially true inasmuch as this group repre- 
sents a small percentage of the total number of 
tracks, selected solely on the basis that they 
should exhibit a measurable curvature and at 
the same time be free from obvious distortion. 
The problem of measuring small energy losses is 
then evidently an extremely difficult one com- 
pared to that of measuring energy distributions in 
an unobstructed chamber. While it is possible in 
many cases to distinguish a distortion as such 
when a magnetic field is present, it is necessary 
to obtain independent criteria as to the reliability 
of the measurements; it is not a satisfactory 
procedure to try to do this simply by measuring 
curvatures of tracks taken with no field and 
comparing the curvature distribution thus found 
with the one obtained when the field is present. 
Observations made with no magnetic field indi- 
cate that serious distortions occur on about 5 
percent of the photographs, and show that they 
are by no means a uniform function of the 
orientation and position of the track in the 
chamber. It is therefore not possible to correct 
for distortion in individual cases. When large 
distortions do occur, however, they are likely to 
obey one or both of the following correlations: 
(a) a curvature concave upward when the track 
makes a considerable angle with the vertical; 
(6) a curvature concave toward the center of 
the chamber. The observed percentages of 
measured single tracks obeying the correlations 

Table I. Correlations between track curvatures and positions 
and orientations of tracks. 





Percentage correlation 


Designation 
(See text) 


Observed 


Expected 


Observed {excluding 
apparent gains) 


(a.) 

(b) 

(a) and (b) 

neither 


52 
67 
33 
15 


50 
50 
25 

25 


55 
55 
27 
18 



Scattering in Pt 

Single measured tracks 



It,' 20" 24 28 



Single tracks 
f>> too cm 



4" 8' 12' IS' 20" 24" 28' 

Fig. 3. Scattering distributions in 1 cm of platinum. 

(a) and (6) are compared in Table I with the 
percentages expected if the observed curvatures 
have no relation to the positions and orientations 
of the tracks. If the 11 cases of apparent gains in 
energy are left out of consideration the observed 
percentages are brought somewhat closer to the 
expected values as shown in the last column. 

A second independent check on the validity 
of the measurements can be obtained by measur- 
ing the scattering of the particles which show 
apparent curvatures, and comparing this with 
the scattering exhibited by those single tracks 
whose curvatures are just outside the range of 
measurability. In Fig. 3 are shown the distribu- 
tions of scattering angles (the angles projected 
on the plane of the chamber) for the measured 
single tracks and for single tracks with a radius of 
curvature, pcS200 cm (475 Mev). As it is scarcely 
conceivable that distortions could influence the 
scattering measurements by as much as 5°, these 
distributions constitute strong independent evi- 
dence that the measured tracks actually lie in the 
energy range indicated by the curvature de- 
terminations. 

It has been known for a long time that there 
exist particles of both penetrating arid non- 
penetrating types. Crussard and Leprince- 
Ringuet 3 have recently made measurements of 

3 Crussard and Leprince-Ringuet, C. R. 204, 240 (1937). 
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Fig. 4. Early measurements of energy loss in 0.7-1.5 cm of 
Pb. Dots indicate single particles ; circles, shower particles. 

energy loss in a range mainly above that covered in 
our experiments. They have concluded from their 
data that either the absorption law changes with 
energy or else that there is a difference in character 
among the particles. This same conclusion has 
already been twice stated by the writers. 4 ' 6 The 
present data appear to constitute the first experi- 
mental evidence for the existence of particles of 
both penetrating and nonpenetrating character in 
the energy range extending below 500 Mev. 
Moreover, the penetrating particles in this range 
do not ionize perceptibly more than the non- 
penetrating ones, and cannot therefore be as- 
sumed to be of protonic mass. The lowest lip 
among the penetrating group is 4.5X10° gauss 
cm. A proton of this curvature would ionize at 
least 25 times as strongly as a fast electron. It is 
interesting that our early measurements 2 of the 
energy loss in thicknesses of lead from 0.7 to 1.5 
cm show a similar tendency to separate into two 
groups. They are reproduced in Fig. 4. If rein- 
terpreted in the light of our present data they 
provide no evidence against high absorbability 
for electrons. 

The nonpenetrating particles are readily in- 
terpreted as free positive and negative electrons. 
Interpretations of the penetrating ones en- 
counter very great difficulties, but at present 
appear to be limited to the following hypotheses: 
(a) that an electron (+ or — ) can possess some 
property other than its charge and mass which is 
capable of accounting for the absence of num- 
erous large radiative losses in a heavy element; 
or (b) that there exist particles of unit charge, 
but with a mass (which may not have a unique 
value) larger than that of a normal free electron 6 

4 Reference 2, p. 182. 

6 Reference 1, p. 268. 

6 The energies referred to throughout are, of course, 
calculated on the assumption of electronic mass. For a 
mass m^50m e the actual energy is very roughly 
E = E e i — mc 2 in the range of curvature here considered. 



and much smaller than that of a proton; this 
assumption would also account for the absence 
of numerous large radiative losses, as well as 
for the observed ionization. Inasmuch as charge 
and mass are the only parameters which charac- 
terize the electron in the quantum theory, 
assumption (6) seems to be the better working 
hypothesis. If the penetrating particles are to be 
distinguished from free electrons by a greater 
mass, and since no evidence for their existence in 
ordinary matter obtains, it seems likely that there 
must exist some very effective process for re- 
moving them. 

The experimental fact that penetrating parti- 
cles occur both with positive and negative 
charges suggests that they might be created in 
pairs by photons, and that they might be repre- 
sented as higher mass states of ordinary electrons. 

Independent evidence indicating the existence 
of particles of a new type has already been found, 
based on range, curvature and ionization rela- 
tions; for example, Figs. 12 and 13 of our pre- 
vious publication. 1 In particular the strongly 
ionizing particle of Fig. 13 cannot readily be 
explained except in terms of a particle of e/m 
greater than that of a proton. The large value of 
e/m apparently is not due to an e greater than the 
electronic charge since above the plate the 
particle ionizes imperceptibly differently from a 
fast electron, whereas below the plate its ioniza- 
tion definitely exceeds that of an electron of the 
same curvature in the magnetic field; the effects, 
however, are understandable on the assumption 
that the particle's mass is greater than that of a 
free electron. We should like to suggest, merely 
as a possibility, that the strongly ionizing parti- 
cles of the type of Fig. 13, although they occur 
predominantly with positive charge, may be 
related with the penetrating group above. 

We wish to express our gratitude to Professor 
Millikan for his helpful discussions and encour- 
agement. These experiments have been made 
possible by the Baker Company, who very 
generously loaned us the bar of platinum; and by 
funds supplied by the Carnegie Institution of 
Washington. 

Note added in proof: Excellent experimental evidence 
showing the existence of particles less massive than protons, 
but more penetrating than electrons obeying the Bethe- 
Heitler theory has just been reported by Street and Steven- 
son, Abstract no. 40, Meeting of American Physical Society, 
Apr. 29, 1937. 
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New Evidence for the Existence of a Particle of Mass 
Intermediate Between the Proton and Electron 

Anderson and Neddermyer 1 have shown that, for energies 
up to 300 and 4O0 Mev, the cosmic-ray shower particles 
have energy losses in lead plates corresponding to those 
predicted by theory for electrons. Recent studies of range' 
and energy loss 3 indicate that the singly occurring cosmic- 
ray corpuscles, even in the energy range below 400 Mev h 
are more penetrating than shower particles of correspond- 
ing magnetic deflection. Thus the natural assumptions 
have been expressed: the shower particles are electrons, 
the theory describing their energy Losses is satisfactory, 
and the singly occurring particles are not electrons. The 
experiments cited above have shown from consideration 
of the specific ionization that the penetrating rays are not 
protons. The suggestion has been made that they are 
particles of electronic charge, and of mass intermediate 



0/ 



02 



fO 



20 



L 30 

C/77 



o 0 o. 



between those of the proton and electron. If this is true, 
it should be possible to distinguish clearly such a particle 
from an electron or proton by observing its track density 
and magnetic deflection near the end of its range, although 
it is to be expected that the fraction of the total range in 
which the distinction can be made is very snialh To 
examine this possibility experimentally we have used the 
arrangement of apparatus of Fig. 1. The three-counter 
telescope consisting of tubes l t Z, and 3 and a lead filter 
L for removing shower particles, selects penetrating rays 
directed toward the cloud chamber C which is in a magnetic 
field of 3500 gauss. The type of track desired is one so 
near the end of its range as it enters the chamber that 
there is no chance of emergence below. In order to reduce 
the number of photographs of high energy particles, the 
tube group 4 was used as a cut-off counter with a circuit 
so arranged that the chamber would be set on" only in 
those cases when a coincident discharge of counters 1, 2, 
and 3 was unaccompanied by a discharge of 4. The tripping 
of the cloud chamber valve was delayed about one sec. to 
facilitate determination of the drop count along a track. 
Because of geometrical imperfections of the arrangement 
and of counter inefficiency the cut-off circuit prevented 




Fig. 1. Geometrical arrangement oJ apparatus. 



Pig. 2. Track A. 
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Fig. 3. Track H. 




expansion for only J of the discharges of the telescope. 
At the present time 1000 photos have been taken {equiva- 
lent to 4000 if the cut-ofT counter had not been used). 
Two tracks of interest in that they have ionization 
densities definitely greater than usual, have been obtained: 
one A [see Fig. 2) is believed due to a proton and the 
other B (see Fig. 3) to a particle of mass approximately 
130 times the rest mass of an electron. Track A which 
terminated in the lead strip at the center of the chamber 
exhibited an ionization density 2.4 times as great as the 
usual thin tracks and an Up value approximately 2 X 10" 
gauss cm in a direction to indicate a positive particle. 
Track B which passed out of the lighted region above the 
lead plate had an ionization density ahout six times as 
great as normal thin tracks (the ion density was too great 
to permit an accurate ion count) and an Hp value of 
9,6X10* gauss cm. If it is assumed, as seems reasonable, 
that the particle entered from above, the sign is negative. 
If it is taken that the ionization density varies inversely 
as the velocity squared, the rest mass of the particle in 
question is found to be approximately 130 times the rest 
mass of the electron. Because of uncertainty in the ion 
count this determination has a probable error of some 
25 percent. In any case it does not seem possible to explain 
this track as due to a proton traveling up, for the observed 
Hp value would indicate a proton of 4.4X10 S electron 
volts energy and therefore with a range of approximately 
one cm in the chamber. The track is cfearly visible for 
7 cm in the chamber. 

The only possible objection to the conclusions reached 
above is that the bending of track A Is largely due to 
distortion, hut this is very unlikely, for the deflection is 
quite uniform and has a maximum value greater than ten 
times any distortions usually encountered in the thin 
tracks of high energy particles. 



C. Street 
C. Steve mson 



Research Laboratory of Physics. 
Harvard University, 
Cambridge. Massachusetts, 
October 6, 1937. 

: Anderson and Neddermeyer, Phys. Rev. 50, 2G3 (1936), 

i Street and Stevenson. Phys, Rev. SI, 1005 (1937). 

* Neddermeyer and Anderson, Phys, Rev- 51, BBS (1937), 



4. Photograph of the track of a penel rating particle of high 
energy for comparison with A and B. 
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Ref. 2.3: The Muon is not Yukawa's Mesotron 
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On the Disintegration of Negative Mesons 

M. Conversi, E. Pancini, and O. Piccioni* 

Centro di Fisica Nucleare del C. N. R. IstUuto di 
Fisica dell' University di Roma, Italia 

December 21, 1946 

IN a previous Letter to the Editor, 1 we gave a first account 
of an investigation of the difference in behavior between 
positive and negative mesons stopped in dense materials. 
Tomonaga and Araki 2 showed that, becuase of the Coulomb 
field of the nucleus, the capture probability for negative 
mesons at rest would be much greater than their decay 
probability, while for positive mesons the opposite should 
be the case. If this is true, then practically all the decay 
processes which one observes should be owing to positive 
mesons. 

Several workers 3 have measured the ratio f\ between the 
number of the disintegration electrons and the number of 
mesons stopped in dense materials. Using aluminum, brass, 
and iron, these workers found values of ~r\ close to 0.5 
which, if one assumes that the primary radiation consists 
of approximately equal numbers of positive and negative 
mesons, support the above theoretical prediction. Auger, 
Maze, and Chaminade, 4 on the contrary, found r\ to be 
close to 1.0, using aluminum as absorber. 

Last year we succeeded in obtaining evidence of different 
behavior of positive and negative mesons stopped in 3 cm 
of iron as an absorber by using magnetized iron plates to 
concentrate mesons of the same sign while keeping away 
mesons of the opposite sign (at least for mesons of such 
energy that would be stopped in 3 cm of iron). We obtained 
results in agreement with the prediction of Tomonaga and 
Araki. After some improvements intended to increase the 
counting rate and improve our discrimination against the 
"mesons of the opposite sign," we continued the measure- 



Table I. Results of measurements on 0-decay rates 
for positive and negative mesons. 



Sign 


Absorber 




Ill 


IV 


Hours 


M/100 hours 


(a) + 


5 cm Fe 




213 


106 


155.00' 


67 ±6.5 


(b) - 


5 cm Fe 




172 


158 


206.00' 


3 


(0 - 


none 




71 


69 


107.45' 


-1 


(d) + 


4 cm C 




170 


101 


179.20' 


36 ±4.5 


(<0 - 


4 cm C +5 cm 


Vr. 


218 


146 


243.00' 


27±3.5 


(f) - 


6.2 cm Fe 




128 


120 


240.00' 


0 




Fig. 1. Disposition of counters, absorber, and magnetized iron plates. 
All counters "D" are connected in parallel. 



ments using, successively, iron and carbon as absorbers. 
The recording equipment was one which two of us had 
previously used in a measurement of the meson's mean 
life. 5 It gave threefold (III) and fourfold (IV) delayed 
coincidences. The difference (III) — (IV) (after applying a 
slight correction for the lack of efficiency of the fourfold 
coincidences) was owing to mesons stopped in the absorber 
and ejecting a disintegration electron which produced a 
delayed coincidence. The minimum detected delay was 
about 1 ^sec. and the maximum about 4.5 ^sec. Our calcu- 
lations of the focusing properties of the magnetized plates 
(20 cm high; 0 = 15,000 gauss) and including roughly the 
effects of scattering, showed that we should expect almost 
complete cut-off for the "mesons of the opposite sign." 
This is confirmed by our results, since otherwise it would 
be very hard to explain the almost complete dependence 
on the sign of the meson observed in the case of iron. 

The results of our last measurements with two different 
absorbers are given in Table I. In this table "Sign" refers 
to the sign of the meson concentrated by the magnetic 
field. ilf=(III)-(IV)-P(IV), the number of decay elec- 
trons, is corrected for the lack of efficiency (p) in our 
fourfold coincidences (^0.046). 

The value M- (5 cm Fe) is but slightly greater than the 
correction for the lack of efficiency in our counting, so 
that we can say that perhaps no negative mesons and, at 
most, only a few (^5) percent undergo 0-decay with the 
accepted half-life. 

The results with carbon as absorber turn out to be quite 
inconsistent with Tomonaga and Araki's prediction. We 
used cylindrical graphite rods having a mean effective 
thickness of 4 cm because we were unable to procure a 
graphite plate. In addition, when concentrating negative 
mesons, we placed above the graphite a 5-cm thick plate 
of iron to guard against the scattering of very low energy 
mesons which might destroy the concentrating effect of 
our magnets. We alternated the following three measure- 
ments: 

A. Negative mesons with 4 cm C and 5 cm Fe, 

B. Negative mesons with 6.2 cm Fe (6.2 cm Fe is ap- 
proximately equivalent to 4 cm C-f-5 cm Fe as far as 
energy loss is concerned. 

C. Positive mesons with 4 cm C. 
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The comparison between A and B gave the difference in 
behavior between Fe and C, once we had established the 
fact that practically no disintegration electrons came from 
negative mesons in the 5-cm iron plate. The comparison 
between A and C gives the difference in behavior between 
negative and positive mesons in carbon. This must be con- 
sidered as a qualitative comparison because of the slightly 
different action of the magnetic field in concentrating 
mesons of different ranges (4 cm C-f-5 cm Fe in one case 
and 4r cm of C in the other). We could not, of course, add 
5 cm of Fe for the positive mesons too, since positive 
mesons do decay in Fe. 

The great yield of negative decay electrons from carbon 
shows a marked difference between it and iron as absorbers. 
Tomonaga and Araki's calculation also give for carbon a 
much higher ratio of capture to decay probability for 
negative mesons, so we are forced to doubt their estimation. 
It is possible that a suitable dependence of the capture 
cross section, tr c , on the nuclear charge, Z, might explain 
these results; however, if the ratio of the capture to decay 
probability also depends on the density as Tomonaga and 
Araki pointed out, then it would require a very irregular 
dependence on Z to also explain the cloud-chamber pictures 
of some authors 6 showing negative mesons stopped in the 
chamber without any decay electrons coming out. 

Concerning the difference between M+ and M~ in carbon, 
we should like to point out that it is not necessary to 
assume that a c for carbon has an appreciable value for 
negative mesons, A positive excess, {H+ — HJ)/{H+-\-HJ) 
of 20 percent in the hard component, as it seems to be 7 is 
sufficient to explain our results since this gives H + /H~ = 1.5 
which is greater than M+/M- for carbon. Impurities in the 
graphite could also explain some preference for M+, with 
a suitable dependence of <r c on Z. 

Further experiments on this subject are now in progress, 
in an attempt to calculate the capture cross section, and 
to know how it depends on Z. 

* Now Visiting Research Associate at Massachusetts Institute of 
Technology, Cambridge. Massachusetts. 

1 M. Conversi, E. Pancini, and O. Piccioni, Phys. Rev. 68, 232 (1945). 

£ S. Tomonaga and G. Araki, Phys. Rev. 58, 90 (1940). 
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Nuclear Disintegration by Meson Capture 

Recently, multiple nuclear disintegration 'stars 1 , 
produced by cosmic radiation, have boon investigated 
by tho photographic emulsion technique. Platoa 
coated with 50 fi Ilford B.l emulsions 1 were exposed 
in aircraft for several hours at 30,000 ft- One of those 
disintegrations was of particular interest, for whereas 
all stars previously observed had been initiated by 
radiation not producing ionizing tracks in the 
emulsion, the one in question appears to be duo to 
nuclear capture of a charged particle, presumably a 
slow meson. 

The star consists of four tracks A t B t C and D 
(Fig. ])♦ A t B and D lie almost in the plane of tho 
emulsion, whereas C dips steeply {at about 40°) and 
ends in the glass. D is due to a proton of energy 
3-7 MeV„ and C also corresponds to a proton, of 
more than 3 MeV\, and most likely about 5 MeV. 
Track B was most probably produced by a triton 
of 5-6 MoV. A short track* about 1 |* long, between 
A and B is apparently due to the residual recoil 
nucleus. 

Track A appears to enter the emulsion surface 
about 150 [i. from the star centre. On account of the 
relatively large distances between consecutive grains 
at this range, the track cannot bo distinguished at 
all easily against the spontaneous background nf 
grains, and only the last 1 00 u. of track 
(below arrow) can be traced with cer- 
tainty. Assuming it to be singly 
charged, the mass of the particle pro- 
ducing track A has been roughly 
evaluated by the following methods. 

(1) Both ionization and scattering 
increase towards the origin of the 
star, hence the particle was defin- 
itely travelling towards tho disintegra- 
tion point. 

An electron is discounted because 
tho observed ionization is far too 
high (an electron track of this range 
would, in fact, not be detected at 
all), and the scattering too small - 
On tho other- hand, a proton is dis- 
counted since (ho observed scattering 
is too great (Fig* 2), We must. 
Mtarefore, conclude Unit the part- 
iclo had a mass intermediate bo» 

fcwwn that of electron nnd pro- 
ton 
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The grain density along track A does, in fact, agree 
well with that to be expected of a meson of the 
observed rango of about one tenth of the proton mass. 
Tho range-energy curve for mesons in tho emulsion 
has been obtained from that for protons (kindly lent 
by Dr. C. F. Powell), using tho ratio of the masses 
of the two particles. 
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(2) The elastic scattering of mesons and protons 
can be calculated from the known emulsion con- 
stitution, using Williams's formula 2 for the mean 
square angle of multiple scattering, and is shown 
plotted against range in Fig. 2. Bearing in mind the 
fact that the single scattering will introduce large 
fluctuations, the experimental points appear to be 
consistent with a meson mass between 100 m e and 
300 m c , m e being the electron mass. Only the 
horizontal projection of the scattering along the track 
can actually be measured ; on the average, multiply- 
ing this by a factor V2 will give the true value. 
The scattering of fast electrons cannot be found from 
any simple formula, but it is certainly much greater 
than the observed values. 

(3) A value of the meson mass can also be arrived 
at from the energy required in the nuclear disintegra- 
tion. In this process, the emitted particles must 
have sufficient energy to surmount the potential 
barrier, so that the disintegrating nucleus in this case 
cannot be that of silver or bromine, and must, there- 
fore, be either carbon, oxygen or nitrogen (in the 
gelatin). 

An approximate calculation of the momentum of 
the recoil nucleus indicates that at least one neutron 
must be postulated to conserve momentum ; the 
kinetic energy of this neutron must be around 4 MeV. 
If we assume that a negative meson is captured by 
a nucleus nearly at the end of its range and is 
annihilated, so that the rest energy of the meson 
becomes nuclear excitation energy, we could have 
disintegration schemes such as 

I- + O'" — Nf* — H^ + 2H; + n\ + Be™* 

(or 2n\ + Be^) 
1- + NJ' -h- CI'* -» H' + 2HJ + nl + Li»* 
y- + d' — B*"* — H; + 2HJ + nl + He^* 

As the recoil nucleus would be expected to have a 
fairly high excitation energy (5-10 MeV.) above the 
ground-state, it must be relatively stable against 
further disintegration into charged particles. With 
this limitation, there are still a large number of 
possible reactions (considering all isotopes of carbon, 
oxygen and nitrogen), but it appears that in general 
the mass excess of the recoil nucleus ~ 15 MeV., 
whereas that of the initial one ~ 5 MeV. or less. 
The negative Q value of the reaction, allowing for 
excitation energy, is then found to be ^ 60 MeV., 
and the total kinetic energy of the ejected particles 
~ 20 MeV. The total excitation energy of the 
original nucleus would then be ~ 80 MeV., probably 
with an error of ± 20 MeV. (to allow for the various 
numbers of neutrons emitted, etc.). 

On the above hypothesis, the meson should, there- 
fore, have a rest energy of 60-100 MeV., that is, a 
mass of between 120 m e and 200 m e . 

Near the end of the meson track, a small number 
of grains are observed slightly off the main track. 
If these are due to fast secondary electrons, their 
ranges appear to be considerably greater than would 
be expected from the energy of the primary. 

I am indebted to the A.O.C., Royal Air Force, 
Benson, Oxon., for kindly exposing the plates. 

D. H. Pebkens 
Imperial College of Science and Technology, 
London, S.W.7. 
Jan. 8. 

Towell, Occhialini, Livesey and Chilton, J. Set Instr., 23, 102 (1946). 
"K'illums, /'roc Roil. Sac, A, X69, 531 (193S). 
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OBSERVATIONS ON THE TRACKS 
OF SLOW MESONS IN PHOTO- 
GRAPHIC EMULSIONS* 

By C. M. G. LATTES, Dr. G. P. S. OCCHIALINI 

and Dr. C. F. POWELL 

H. H. Wills Physical Laboratory, University of Bristol 

/NTRODUGTION. In recent experiments, it has 
been shown that charged mesons, brought to rest 
in photographic emulsions, sometimes lead to the 
production of secondary mesons. "We have now 
extended these observations by exanaining plates 
exposed in the Bolivian Andes at a height of 5,500 m., 
and have found, in all, forty examples of the process 
leading to the production of secondary mesons. In 
eleven of these, the secondary particle is brought to 
rest in the emulsion so that its range can be de- 
termined. In Part 1 of this article, the measurements 
made on these tracks are described, and it is shown 
that they provide evidence for the existence of mesons 
of different mass. In Part 2, we present further 
evidence on the production of mesons, which allows 
us to show that many of the observed mesons are 
locally generated in the 'explosive' disintegration of 
nuclei, and to discuss the relationship of the different 
types of mesons observed in photographic plates to 
the penetrating component of the cosmic radiation 
investigated in experiments with Wilson chambers 
and counters. 



that the corresponding particle necessarily has a 
strong interaction with nucleons, or that it is closely 
associated with the forces responsible for the cohesion 
of nuclei. 

We have now observed a total of 644 meson tracks 
which end in the emulsion of our plates. 451 of these 
were found, in plates of various types, exposed at an 
altitude of 2,800 m. at the Observatory of the Pic du 
Midi, in the Pyrenees ; and 193 in similar plates ex- 
posed at 5,500 m. at Chacaltaya in the Bolivian 
Andes. The 451 tracks in the plates exposed at an 
altitude of 2,800 m. were observed in the examination 
of 5 c.c. emulsion. This corresponds to the arrival 
of about 1-5 mesons per c.c. per day, a figure which 
represents a lower limit, for the tracks of some 
mesons may be lost through fading, and through 
failure to observe tracks of very short range. The 
true number will thus be somewhat higher. In any 
event, the value is of the same order of magnitude 
as that we should expect to observe in delayed 
coincidence experiments at a height of 2,800 m., 
basing our estimates on,- the observations obtained 
in similar experiments at sea-level, and making 
reasonable assumptions about the increase in the 
number of slow mesons with altitude. It is there- 
fore certain that the mesons we observe are a 
common constituent of the cosmic radiation. 

Photomicrographs of two of the new examples of 
secondary mesons, Nos. Ill and IV, are shown in 
Figs. 1 and 2. Table 1 gives details of the character- 
istics of all events of this type observed up to the 
time of writing, in which the secondary particle comes 
to the end of its range in the emulsion. 





TABLE 1 








Range in emulsion in 


microns of 


vent No. 


Primary meson 


Secondary meson 


I 


133 




613 


II 


84 




565 


ni 


1040 




621 


IV 


133 




691 


V 


117 




638 


VI 


49 




595 


VII 


460 




616 


VIII 


900 




610 


IX 


239 




666 


X 


256 




637 


XI 


81 




590 



'*«•» "*uft^ "i*x ij/». *jhi»(sb i "jb vwmvivut, v *• £±t in =» -4'^per cent, 
where A* = ^ — R, -Rt being the range of a secondary meson, and 
R the mean value for n particles of this type. 



Part I. Existence of Mesons of Different Mass 

As in the previous communications 1 , we refer to 
any particle with a mass intermediate between that 
of a proton and an electron as a meson. It may be 
emphasized that, in using this term, we do not imply 

* This article contains a summary of the main features of a number 
of lectures given, one at Manchester on June 18 and four at the 
Conference on Cosmic Bays and Nuclear Physics, organised by Prof. 
W. Heitler, at the Dublin Institute of Advanced Studies, -Tuly 5-12. 
A complete account of the observations, and of the conclusions which 
follow from them, will be published elsewhere. 
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anoson, produced in a process of tho type which wo 
observe, will remain within the emulsion, of thickness 
50 -i, for a distance greater than 500 \±. If we assume* 
as a first approximation, that tho trajectories are 
rectilinear, we obtain a value for tho probability oT 
1 in 20. Tho marked Coulomb scattering of mesons 
in the Nuclear Research emulsions will, in fact, in- 
crease tho probability of 'escape*. The six events 
which we observe in plates exposed at 2,800 m. t in 
which the secondary particle remains in the emulsion 
for a distance greater than 500 \l, therefore correspond 
to the occurrence in tho emulsion of 120 ±50 events 
of this particular type. Our observations, therefore, 
prove that the production of a secondary meson is a 
common mode of decay of a considerable fraction 
of those mesons which come to the end of their 
range in the emulsion. 

Second, there is remarkable consistency between 
the values of the range of the secondary mesons, the 
variation among the individual values being similar 
to that to be expected from 'straggling', if the part- 
icles are always ejected with the same velocity. We 
can therefore conclude that the secondary mesons 
are all of the same mass and that they are emitted 
with constant kinetic energy. 



If mesons of lower r.mgo are sometimes emitted 
in on alternative typo of process, they must occur 
much less frequently than those which we have 
observed; for the geometrical conditions, and tho 
greater average grain -density in the tracks, would 
provide much more favourable conditions for their 
detection. In fact, we have found no such mesons 
of shorter range* Wo cannot* however, bo certain 
that mesons of greater range are not sometimes pro- 
duced, iioth the lower ionization in the beginning 
of the trajectory, and the oven more unfavourable 
conditions of detection associated with the greater 
lengths of the tracks, would make such a group, or 
groups, difficult to observe. Because of tho largo 
fraction of the mesons which* as we have seen, 099 
bo attributed to the observed procoss, it is reason- 
able to assume that alternative modes of decay, if 
they exist, are much less frequent than that which 
we have observed. There is, therefore, good evidence 
for the production of a single homogeneous group 
of secondary mesons, constant in mass and kinetic 
energy. This strongly suggests a fundamental process, 
and not one involving an interaction of a primary 
meson with a particular type of nucleus in the 
emulsion. It is convenient to refer to this process 




'.*:, .tniKUNvrii- ujLim-mK. ( j it.nmi* nltlkak J{ kskaiu'H kmulsios ujadki* with ttoicosf 
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in what follows as the jjl -decay. We represent the 
primary mesons by the symbol iz, and the secondary 
by [i. Up to the present, we have no evidence from 
which to deduce the sign of the electric charge of 
these particles. In every case in which they have 
been observed to come to the end of their range in 
the emulsion, the particles appear to stop without 
entering nuclei to produce disintegrations with the 
emission of heavy particles. 

Knowing the range-energy relation for protons in 
the emulsion, the energy of ejection of the secondary 
mesons can be deduced from their observed range, if 
a value of the mass of the particles is assumed. The 
values thus calculated for various masses are shown 
in Table 2. 







T4BU) 2 








in m e 

sy in MeV. 


100 
3 0 


150 
3-6 


200 
4-1 


250 
4-5 


300 
4-85 



No established range-energy relation is available for 
protons of energies above 13 MeV., and it has there- 
fore been necessary to rely on an extrapolation of 
the relation established for low energies. We estimate 
that the energies given in Table 2 are correct to 
within 10 per cent. 



TrJte^ 



* o • 



2 -a 

0 R 



Fig. 4. N IS TOTAL NUMBER OF GRAINS IN TRACK OF RESIDUAL RANGE R (SCALE -DIVISIONS). 
1 SCALE-DIVI ION = 0-85 MICRONS 



Evidence of a Difference in Mass of n- and p.-Mesons 

It has been pointed out 1 that it is difficult to account 
for the p.-docay in terms of an interaction of tho 
primary meson with the nucleus of an atom in the 
emulsion leading to the production of an energetic 
meson of the same mass as the first. It was therefore 
suggested that the observations indicate the existence 
of mesons of different mass. Since the argument in 
support of this view relied entirely on the principle 
of the conservation of energy, a search was made 
for processes which were capable of yielding the 
necessary release of energy, irrespective of their 
plausibility on other grounds. Dr. F. C. Frank has 
re-examined such possibilities in much more detail, 
and his conclusions are given in an article to follow. 
His analysis shows that it is very difficult to account 
for our observations, either in terms of a nuclear 
disintegration, or of a 'building-up J process in which, 
through an assumed combination of a negative meson 
with a hydrogen nucleus, protons are enabled to 
enter stable nuclei of tine light elements with the 
release of binding energy. We have now found it 
possible to reinforce this general argument for the 
existence of mesons of different mass with evidence 
based on grain-counts. 

We have emphasized repeatedly 1 that it is necessary 
to observe great caution in drawing conclusions about 
the mass of particles from grain-counts. The main 
source of error in such determinations arises from 
the fugitive nature of the latent image produced 
in the silver halide granules by the passage of fast 
particles. In the case of the [i -decay process, however, 
an important simplification occurs. It is reasonable 
to assume that the two meson tracks are formed in 
quick succession, and are subject to the same degree 
of fading. Secondly, the complete double track in 
such an event is contained in a very small volume 
of the emulsion, and the 
processing conditions are 
therefore identical for both 
tracks, apart from the varia- 
tion of the degree of develop- 
ment with depth. These 
features ensure that we are 
provided with very favour- 
able conditions in which to 
determine the ratio of the 
masses of the n- and jz- 
mesons, in some of these 
events. 

In determining the grain 
density in a track, we count 
the number of individual 
grains in successive- intervals 
of length 50 (i along the 
trajectory, the observation 
being made with optical equip- 
ment giving large magnifica- 
tion ( x 2,000), and the high- 
est available resolving power. 
Typical results for protons 
and mesons are shown in. 
Fig. 4. These results were 
obtained from observations 
on the tracks in a single 
plate, and it will be seen that 
there is satisfactory resolution 
between the curves for part- 
icles of different types. The 
'spread' in the results for 
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different particles of the same type can 
be attributed to the different degrees 
of fading associated with the different 
times of passage of the particles 
through the emulsion during an ex- 
posure of six weeks. 

Applying these methods to the ex- 
amples of the pL-decay process, in which 
the secondary mesons come to the end 
of their range in the emulsion, it is 
found that in every case the line 
representing the observations on the 
primary meson lies above that for the 
secondary particle. We can therefore 
conclude that there is a significant dif- 
ference in the grain-density in the 
tracks of the primary and secondary 
mesons, and therefore a difference in the 
mass of the particles. This conclusion 
depends, of course, on the assumption 
that the tt- and fx-particles carry equal 
charges. The grain-density at the ends 
of the tracks, of particles of both type3, 
are consistent with the view that the 
charges are of magnitude j e [. 

A more precise comparison of the 
mass3s of the n- and [x-mosons can 
only be made in those cases in which 
the length of the track of the prim- 
ary meson in the emulsion is of the 
order of 600 [X. The probability of 
such a favourable event is rather 
small, and the only examples we 
have hitherto observed are those listed 
as Nos. Ill and VIII in Table 1. A mosaic of 
micrographs of a part only of the first of these 
events is reproduced in Fig. 1, for the length of 
the track of the [i -meson in the emulsion exceeds 
1,000 [a. The logarithms of the numbers of grains 
in the tracks of the primary and secondary mesons 
in this event are plotted against the logarithm of 
the residual range in Fig. 5. By comparing the 
residual ranges at which the grain -densities in 
the two tracks have the same value, we can 
deduce the ratio of the masses. We thus obtain the 
iresnlt m n jm.fi — 2-0. Similar measurements on event 
No. VIII give the value 1-8. In considering the sig- 
nificance which can be attached to this result, it must 
be noticed that in addition to the standard deviations 
in the number of grains counted, there are other 
possible sources of error. Difficulties arise, for ex- 
ample, from the fact that the emulsions do not consist 
of a completely uniform distribution of silver halide 
grains. 'Islands' exist, in which the concentration of 
grains is significantly higher, or significantly lower, 
than the average values, the variations being much 
greater than those associated with random fluctua- 
tions. The measurements on the other examples of 
jz -decay are much less reliable on account of the 
restricted range of the Tr-mesons in the emulsion ; but 
they give results lower than the above values. We 
think it unlikely, however, that the true ratio is as 
low as 1-5. 

The above result has an important bearing on the 
interpretation of the u.-decay process. Let us assume 
that it corresponds to the spontaneous decay of the 
heavier tt -meson, in which the momentum of the 
\x -meson is equal and opposite to that of an emitted 
photon. For any assumed value of the mass of the 
p. -meson, we can calculate the energy of ejection 
of the particle from its observed range, and thus 
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determine its momentum. The momentum, and hence 
the energy of the emitted photon, is thus defined ; 
the mass of the tv -meson follows from the relation 

c 2 m„ = £*»ip + En + &v. 

It can thus be shown that the ratio m^/m^ is less 
than 1-45 for any assumed value of ffip in the range 
from 100 to 300 m e , m e being the mass of the electron 
(see Table 3). A similar result is obtained if it is 
assumed that a particle of low mass, such as an 
electron or a neutrino, is ejected in the opposite 
direction to the fx-msson. 

TABLE 3 



Assumed mass 












"V 


S (MeV.) 


*»(M»V.) 


jOTj! 


!'»>„ 


rtffi ± 3 per 


100 m 


3-0 


17 


140 m e 




'l'-'io 


150 


3-6 


23 


203 




1-35 


200 


4-1 


29 


264 




132 


250 


4-5 


34 


325 




1-30 


300 


4-85 


39 


387 




1-29 



On the other hand, if it is assumed that the momen- 
tum balance in the |x-decay is obtained by the emission 
of a neutral particle of mass equal to the u-meson 
mass, the calculated ratio is about 2-1 : 1. 

Our preliminary measurements appear to indicate, 
therefore, that the emission of the secondary meson 
cannot be regarded as due to a spontaneous decay 
of the primary particle, in which the momentum 
balance is provided by a photon, or by a particle of 
small rest-mass. On the other hand, the results are 
consistent with the viow that a neutral particle of 
approximately the same rest-mass as the u-meson 
is emitted. A final conclusion may become possible 
when further examples of the u-decay, giving favour- 
able conditions for grain-counts, have been dis- 
covered. 

' Nature, 159, 93, 186, 694 (1947). 
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Evidence for the Production of Neutral Mesons by Photons* 

J. Stkinberger, W. K. H. Panofsky, and j. Stf.i.ler 
Radiation Laboratory, Department of Physics, University of California, Berkeley. California 
(Received April 28, 1950) 

In the bombardment of nuclei by 330-Mev x-rays, multiple gamma-rays are emitted. From their angular 
correlation it is deduced that they are emitted in pairs in the disintegration of neutral particles moving with 
relativistic velocities and therefore of intermediate mass. The neutral mesons are produced with cross sections 
similar to those for the charged mesons and with an angular distribution peaked more in the forward direc- 
tion. The production cross section in hydrogen and the production cross section per nucleon in C and Be are 
comparable. 



I. INTRODUCTION 

NEUTRAL mesons which are coupled strongly to 
nuclei must be expected to be unstable against 
decay into two or more gamma-rays. The modes of 
decay, and expected lifetimes, have been discussed 
extensively. 1 These gamma-rays are then supposed to 
be responsible for the soft showers which often ac- 
company energetic cosmic-ray nuclear events. 2 The 
evidence in favor of the existence of the neutral meson 
has recently been greatly strengthened by the dis- 
covery at Berkeley 3 of gamma-rays which behave in 
all ways as if they were due to the disintegration of a 
neutral meson. They are produced by proton bombard- 
ment of various nuclei and have a production cross 
section which depends on proton energy much like that 
of charged mesons. Their energy is approximately 70 
Mev on the average, half that of the charged ir-meson, 
and the energy spread is in agreement with the Doppler 
shift due to the velocity of the parent mesons. The 
lifetime of the mesons is less than 10 -13 sec, which is in 
agreement with the theoretical expectations. 

The evidence is therefore already much in favor of 
the existence of a gamma-unstable neutral meson. 
However, until now, coincidences between the two 
gamma-rays have never been observed. We report here 
the detection of such coincidences, produced by the 



* This work was performed under the auspices of the AEC. 

■ Y. Tanikawa, Proc. Phys. Math. Soc. Japan 24, 610 (1940). 
R. J. Finkelstein, Phys. Rev. 72, 414 (1947). H. Fukuda and Y. 
Miamoto, Prog. Theor. Phys. 4, 347 (1949). Ozaki, Oneda, and 
Sasaki, Prog. Theor. Phys. 4, 524 (1949). J. Steinberger, Phys. Rev. 
76, 1180 (1949). C. N. Yang, Phys. Rev. 77, 243 (1950). 

2 The implications of the gamma-decay of neutral mesons for 
the soft component in the cosmic radiation were pointed out by 
J. R. Oppenheimer (Phys. Rev. 71, 462 (T) (1947). It was assumed 
that in high energy nuclear events neutral mesons are emitted 
with multiplicities similar to those for charged mesons. The 
neutral mesons decay into photons and account for the early 
development of extensive showers, as well as the large total 
amount of soft radiation. These bursts of soft radiation accom- 
panying energetic nuclear events were then actually observed in 
the cloud chamber by W. Fretter, Phys. Rev. 73, 41 (1948), 76, 
511 (1949); C. Y. Chao, Phys. Rev. 75, 581 (1949); Gregory, 
Rossi, and Tinlot, Phys. Rev. 77, 299 (1949) ; and J. Green, Thesis, 
University of California, 1950. They were found in photographic 
plates by Kaplan, Peters, and Bradt, Phys. Rev. 76, 1735 (1949). 
Both the cloud-chamber pictures and the photographic star show 
that the showers begin with gamma-rays rather than electrons. 

3 Bjorklund, Crandall, Mover, and York, Phys. Rev. 77, 213 
(1950). 



bombardment of various nuclei in the x-ray beam of the 
Berkeley synchrotron. This must be regarded as strong 
additional evidence supporting the existence of the 
neutral meson. 

II. EXPERIMENTAL ARRANGEMENT 

The apparatus is sketched in Fig. 1 . The synchrotron 
x-ray beam of 330-Mev maximum energy is collimated 
in two successive collimators. The second collimator 
serves only to intercept some of the electrons produced 
at the edge of the first collimator. The beam then 
strikes a target, which, for most of the experiment, is a 
cylinder of beryllium, 1J inches long and 2 inches in 
diameter. The particles produced in the target are 
detected in two telescopes, each consisting of three 
scintillation counters. A converter, usually j inch of 
lead, is inserted between the two crystals nearest the 
target in each telescope. An event is recorded if simul- 
taneous (resolving time 10~ 7 sec.) pulses are recorded 
in the outer four crystals, but none in the two near the 
target. That is, we require that there be two particles, 
one in each telescope, neutral at first which are con- 
verted into charged particles by the lead, and which 
penetrate one crystal and enter the next. With a beam 
intensity of about 10" Mev/min. the counting rate for 
such coincidences at favorable orientations of the tele- 
scopes is about 10 counts/min. 

m. NATURE OF THE COINCIDENCES 

Let us first describe the experiments which identify 
the particles as gamma-rays, indicate their energy and 
show that their origin is the nuclear rather than the 
Coulomb field. In Table I we list the relative detection 




'/4 Pb CONVERTER 



Fig. 1. Experimental arrangement. 
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efficiency for various converter materials and thick- 
nesses. Without converters the counting rate is almost 
zero, then increases as the converter thickness in each 
arm is increased to J inch of lead, and only slightly 
from } inch to j inch. This is as expected from shower 
theory for about 100-Mev photons. Copper of J inch 
thickness has approximately the same conversion 
efficiency as has yg inch of lead, again in agreement with 
shower theory, since the number of shower units is the 
same for these thicknesses. 

The coincidences are attenuated by a factor of four 
when \ inch of lead is inserted between the target and 
the anticoincidence crystals. This again is as expected 
for photons. Furthermore, it can be seen from Table I 
that both telescopes require converters, so that both 
particles must be photons. 

To measure the energy of the conversion electrons, 
aluminum absorbers were inserted between the last two 
crystals of one of the telescopes. Unfortunately, at 
these energies the radiation losses are important, and 
therefore the straggling large. We have plotted in Fig. 2 
the coincidence counting rate as a function of the 
average energy required to traverse the telescope. 
Because the photons originate in moving mesons, the 
average gamma-ray energy is expected to be approxi- 
mately 100 Mev, and the average electron energy 50 
Mev, quite in agreement with the observed attenuation. 

The nuclear origin of the photons is demonstrated 
by the fact that the cross section for these coincidences 
is only six times as big for a lead nucleus as for beryl- 
lium, which is less than the ratio of the nuclear areas. 
On the other hand, ordinary shower cross sections 
increase by a factor of 400. 

Finally, we have looked for coincidences with the 
beam energy reduced to about 175 Mev with angles a 
and /3 of the telescope both 90°. The cross section per Q 
(the number Q for a bremsstrahlung beam is equal to 
the total energy divided by the maximum energy of 
the spectrum) is at least 50 times smaller here than at 
330 Mev. This steep excitation function is also observed 
for charged meson production. 

We believe, therefore, that it is demonstrated that the 
observed coincidences are caused by gamma-rays of 
about 100-Mev average energy, of non-Coulombic 
origin, and with a threshold similar to that for charged 
mesons. 

IV. ANGULAR CORRELATION AND DISTRIBUTION 
OF THE GAMMA-RAYS 

To study further the properties of these coincidences, 
we have measured their rate as a function of the angle, 
a, between the beam direction and the plane of the 
telescopes and of the correlation angle /3 (see Fig. 1). 
Consider first the variation with /3 at a fixed a, say 90°. 
180° coincidences are rare. The counting rate increases 
with decreasing /} to a maximum at 90°, and then drops 
sharply. This behavior must actually be expected of 
gamma-rays which are the decay products of neutral 



Table I. Relative detection efficiency as a function oi absorber 
material and thickness. 



Converter in 


Converter in 


Relative counting rate 


telescope 1 


telescope 2 




a -|3=90 o 


none 


none 




0.01 ±0.005 


3T-in. Pb 


A-in. Pb 




0.17±0.013 


A-in. Pb 


A-in. Pb 




0.3 ±0.02 


|-it». Pb 


i-in. Pb 




0.67±0.08 


i-in. Pb 


i-in. Pb 




1.00±0.06 


i-in. Cu 


i-in. Cu 




0.39±0.03 


none 


i-in. Pb 




0.15±0.05 


A-in. Pb 


i-in. Pb 




0.62±0.07 


|-in. Pb 


i-in. Pb 




1.07±0.1 


i-in. Pb 


i-in. Pb 




0.28±0.05 


i-in. Pb absorbers placed in front 


of both 


telescopes. 



mesons, because of the motion of the decaying mesons. 
A meson at rest decaying into two gamma-rays, emits 
them in opposite direction. But when this is seen from 
a system in which the meson has a total energy E, then 
the included angle /? varies between it and 2 sin~ l (l/E) 
with a probability which favors the small angles tre- 
mendously. The median angle is 2 sin _1 [2/(3i?-r-l)']. 
E is the total meson energy in units of its rest energy. 
For 70-Mev mesons the minimum angle of (3 is 84° 
and the median angle 92°. Since the distribution is so 
heavily peaked, not much error is introduced if one 
assumes, as is done in the following, that to an angle /3 
corresponds a unique energy, that of the median angle. 
Therefore a measurement of the distribution in (3 is a 
measure of the distribution in energy of the neutral 
mesons, although the angular resolution of our tele- 
scopes is insufficient to give more than a glimpse of the 
energy distribution. We have included in Fig. 3 curves 
in which the observed 4 energy distributions of the ir + - 
meson made by the same x-rays on hydrogen are trans- 
formed into distributions in /3 and arbitrarily nor- 
malized. All corrections due to scattering and angular 
resolution are omitted. The general shape of the curves 
is certainly well reproduced by the experiment. It is 






AVERAGE ENERGY REQUIRED TO TRAVERSE TELESCOPE 

Fig. 2. Absorption of conversion electrons in aluminum. The 
energy includes the average radiation loss. 

4 Bishop, Cook, and Steinberger (to be published) . 
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CORRESPONDING MESON ENERGY !N MEV 
140 1)2 84 56 28 14 




60° 90° 120° 150° 180° 
112 84 56 28 14 0 




60° 90° 120° 150° 180° 

ANGLE INCLUDED BETWEEN THE TWO ARMS OF THE TELESCOPE 



Fig. 3. Variation of coincidence rate with the included angle 0 
between the two arms of the telescope. The curves are those 
expected on the assumption that the gamma-rays are the decay 
products of a neutral meson, emitted with the same energy dis- 
tribution as are jr + -mesons from hydrogen. The curves are arbi- 
trarily normalized for each angle a. 



therefore clear that if the gamma-rays are the decay 
product of intermediate particles, these particles must 
move with velocities of the order of v/cc^O.S. Excited 
nucleons of this velocity cannot be produced by x-rays 
of 330 Mev; the particles must therefore have an 
intermediate mass. Furthermore, it is possible to see 
that the decay must be into only 2 photons, since the 
expected angular distributions for a decay into more 
than two photons would not show a valley for small 
angles /3. 

The distribution in the angle a of the beam with the 
plane of the telescope shown in Fig. 4, is interesting 
chiefly because of the difference between this distribu- 
tion and the angular distribution of 7r + -photo-mesons 5 
from either carbon or hydrogen targets. This is not 
particularly surprising, since various theories also give 
quite different results for charged and neutral mesons. 

V. HYDROGEN CROSS SECTION AND TOTAL 
CROSS SECTION 

At one setting of the telescopic angles, a=/3=90°, 
we have compared the cross sections of hydrogen and 
carbon. This was done by comparing the count from 
a polyethylene (CH 2 ) block and a perforated carbon 
block of the same size and carbon content as the CH 2 . 
The result is: o-h„o/o"C„o=0.12±0.03. This again differs 
from the results for positive mesons, where o-H T + /<rc e * 
~0.55. The difference is probably in part caused by 
the fact that both neutrons and protons can contribute 
to neutral meson production, but only protons to ■re- 
production. In part, it may also be possible to ascribe 
this to the same phenomenon which, according to Chew, 6 
is responsible for the large hydrogen-carbon ratio for 
the positive mesons. In the case of ;r + -production, the 
reaction is inhibited by the fact that, when the proton 
is changed into a neutron, there is an oversupply of 
neutrons in the immediate neighborhood and the 
number of states available to it is small because of the 
Pauli principle. This is not significant in the neutral 
case because the nucleon's charge does not change. 

The curves in Fig. 3 can be integrated to yield a total 
cross section for beryllium. o- Be =7.5X10~ 2 ° cm 2 per Q, 
while for carbon and hydrogen, assuming the same 
angular distribution, <r c = 10X10- 28 and <r H =1.3X 10~ 28 
cm 2 per Q. The absolute x-ray intensity is known 7 to 
about 10 percent, but the efficiency of the detecting 
system only to within a factor of two, so that there is 
a corresponding error in the above cross sections. The 
hydrogen cross section is approximately the same as 
that for 7r + -production ; 5 those for carbon and beryllium 
are somewhat higher. 3 

One might assume that the charge of the meson 
would play an important role in the production of 
mesons in the electromagnetic field of the photon. This 



' J. Steinberger and A. S. Bishop, Phys. Rev. 78, 493 (1950). 

6 G. Chew (private communication). 

7 Blocker, Kenney, and Panofsky (to be published). 

" McMillan, Peterson, and White, Science 110, 579 (1949). 
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is contradicted by the observed angular distribution of 
n- + -mesons produced by photons in H2. The angular 
distribution indicates that the principal process respon- 
sible for charged meson production is the interaction of 
the photon with the spin of the nucleon. If the neutral 
meson has the same transformation properties as the 
charged, it then appears plausible that the production 
Cross sections in hydrogen should be comparable, as 
seems to be the case. However, actual calculations on 
the basis of pseudoscabvr theory, both in the classical 
and in the perturbation theory approximation, which 
give a reasonable angular distribution for the ir + - 
production, give smaller values for neutral meson pro- 
duction. Whether or not this is a new difficulty in a 
theory which already has several, is not clear. From a 
less restricted point of view it is not a surprising result. 

VI. SUMMARY 

In the bombardment of various nuclei by 330-Mev 
x-rays, photons with the following properties are 
emitted: 

(1) At least two arc emitted in coincidence. 

(2) They each have an average energy of about 100 Mev. 

(J) The Z dependence of the production indicates that thcy 
have their origin in a nuclear interaction, and not in the Coulomb 
Geld. 

(4) The threshold /or their production is at least 150 Mev. 

(5) The angular correlation of the photons shows that they are 
emitted in pairs as the only decay products of particles moving 
with velocities of the order of b/c = 0.8, and therefore of inter- 
mediate mass. 

(6) The total cross section for production from hydrogen is 
ahoul the same as that for production of x^-mesons; other light 
nuclei cross sections arc somewhat higher than those for the 
positive mesons. 

It is clear from these properties that the gamma-rays 
are the decay products of neutral mesons. Since spin \, 
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Fig. 4. Variation with the angle a between the plane of the 
telescope and the beam. Each point represents an integral over 
the angle &. 

and spin 1 mesons are forbidden to decay into two 
photons, 1 the spin must be zero, excluding the possi- 
bility of very high intrinsic angular momenta. It seems 
reasonable, and it is in good agreement with all obser- 
vations, to assume that both charged and neutral 
mesons are of the same type. It then follows from the 
angular distribution of the x-ray produced jr + -mesons, 
and the high cross sections for making neutral mesons 
by x-rays, that the T-meson is a pseudoscalar. This 
remark applies, of course, only to the character of the 
meson, and not to any particular field theory for the 
interaction of mesons with nucleons. 

All phases of this experiment have been discussed 
with Professor Edwin McMillan and his advice has 
been of great help. The bombardments were carried out 
by the synchrotron crew under the direction of W, 
Gibbons. 
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The Spin of the Pion via the Reaction n + +d±=;p+p 

R. DrjRBIN, H. LOAR, AND J. StEINBERGER 

Columbia University, New York, New York* 
(Received June 21, 1951) 

It is possible to determine the spin of the pion by comparing the forward and backward rates of the 
reaction Tr + -\-d^p-\-p. The backward rate has been measured in Berkeley. We have measured the forward 
rate. Comparison of the two results shows the spin to be zero. In the light of other recent experimental 
results the meson is then pseudoscalar. 



DURING the past few years there has accumulated 
an increasing amount of evidence that the pion 
is pseudoscalar. This consists chiefly of the following : 

(a) The pion has integral spin. This follows from star 
formation in the capture of ** mesons in photographic 
emulsions, as well as from angular momentum conserva- 
tion in such reactions as p+p—*v + +d; p-\-hv-*ir + -\-n. 

(b) The neutral pion does not have spin one, since 
it decays into two 7-rays and such a transition is for- 
bidden for systems with angular momentum h. 1 

(c) Because of their similar masses and their similar 
nuclear production cross sections, as well as from the 
evidence on charge independence of nuclear forces, it is 
likely that neutral and charged mesons have the same 
transformation properties, so that charged pions also 
cannot have spin one. 

(d) The pion is not scalar. This follows from the 
experiment on the capture of stopped negative pions 
in deuterium, 2 as well as the results on the production 
of pions, both charged and uncharged, by 7-rays. a 
Both experiments give best theoretical agreement in 
the pseudoscalar meson theory. It has therefore ap- 
peared quite probable that the pion is pseudoscalar; 
but the evidence, especially against a spin of two or 
greater, is poor. 
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Fig. 1. Arrangement of the beam collimation, water sample, 
and detectors. Block diagram of circuits. 



* This research has been supported by a joint program of the 
ONRandAEC. 

1 Steinberger, Panofsky. and Steller, Phys. Rev. 78, 802 (1950); 
C. N. Yang, Phys. Rev. 77, 242 (1950). 

2 Panofsky, Aamodt, and Hadley, Phys. Rev. 82, 97 (1951); 
Brueckner, Serber, and Watson, Phys. Rev. 81, 575 (1951). 

8 Bishop, Steinberger, and Cook, Phys. Rev. 80, 291 (1950). 



It has been pointed out by Cheston and Marshak 4 
that the reaction Tr + +ik=^p+p lends itself to a de- 
termination of the spin of the pion. The forward and 
backward reactions are related by a detailed balancing 
argument, if one assumes initially unpolarized particles, 
so that 

da(-*) /<M<-) 4 p 2 



dQ 



7 



dQ 3? 2 (2s+l) 



where s is the spin of the meson, and^>, q, are the momenta 
of the proton and meson in the center-of-mass system. 
The cross sections, of course, are also in the center-of- 
mass system. The argument is rigorous, independent of 
meson theory, and in this rests its chief contribution. 
The reaction p+p— >ir + +d has been measured by 
Cartwright, Richman, Whitehead, and Wilcox 5 for 
340-Mev protons, corresponding to a meson energy of 
21 Mev in the center-of-mass system. We present here 
results on the inverse reaction. 

The experimental arrangement is shown in Fig. 1. 
The Nevis cyclotron delivers a beam of approximately 
20 positive mesons per square centimeter per second 
outside the concrete shielding. These are produced 
when the 380-Mev protons strike an internal Be target. 
The mesons are magnetically analyzed in the fringing 
field of the cyclotron, and by a small magnet outside the 
shielding. The energy resolution is ±4 Mev at 75 Mev 
and the composition of the beam is 90 percent ir + , and 
10 percent p + mesons. 8 The beam is defined by the 

<R. E. Marshak, Phys. Rev. 82, 313 (1951); W. B. Cheston, 
to be published. 

B Cartwright, Richman, Whitehead, and Wilcox, Phys. Rev. 
81, 652 (1951); V. Peterson, Phys. Rev. 79, 407 (1950); C. Rich- 
man and M. H. Whitehead, to be published. We are most in- 
debted to Professors Richman and Wilcox, Mr. Cartwright, and 
Miss Whitehead for the privilege of quoting as yet unpublished 
results, and in particular, the fine meson spectrum shown in 
Fig. 5. 

6 The beam is analyzed in the following way : Heavy particles 
and electrons are detected in a measurement of the velocity dis- 
tribution of the beam particles by means of a time of flight meas- 
urement. The mesons have velocities ~0.7c, the electrons which 
penetrate the counters have the velocity of light, and heavy 
particles have smaller velocities. The /x-mesons are measured at 
the end of their range by means of the delayed coincidences of 
their electron decay product. This is only possible in the t~ beam, 
since ir + mesons at the end of their range are not captured but 
produce m + mesons and interfere. We have assumed that, since the 
M-mesons in the beam are the result of the decay in flight of the 
ir-meson and since *■"" and x + mesons have at least approximately 
the same lifetime [Lederman, Booth, Byfield, and Kessler, 
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crystal scintillation counters 1 and 2, and the energy 
reduced in the carbon absorber. The liquid scintillation 
counters 3 and 4 are set with respect to the water sample 
so that protons emitted 180° apart in the center-of-mass 
system of the meson and deuteron will be detected.' 
The water sample is 2.5 g/cm 1 thick. The aluminum 
absorber in front of counter No. 3 is thin enough to 
transmit the protons emitted in the meson absorption 
under study, but stops scattered protons or deuterons. 
The difference in counting rate using heavy water and 
light water targets is entirely due to the reaction 
T + +(f— *p+p. It is in principle quite easy to check that 
this is so. In actuality, the counting rate is small and 
only a limited number of checks have been made, to 
wit : (1) Plateau. In the beginning of each experiment 
the counters are placed so that the meson beam pene- 
trates all four, and the voltages (amplification) of the 
phototubes adjusted so that mesons are detected with 
full efficiency. But the proton pulses in counters 3 and 
4 should be larger by a factor two or three than the 
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Fig. 2. Counting rate of fourfold events after subtraction, as a 
function of phototube voltage (amplification) in the proton de- 
tection counters 3 and 4, 



meson pulses. Figure 2 shows that the pulses responsible 
for the subtracted fourfold coincidences are large. The 
DjO— HiO difference is counted with full efficiency 
at voltages 100 volts (i.e., a factor of two in gain) below 
those necessary to count mesons. (2) When counters 3 
and 4 were moved out of line to angles improper for 
the detection of protons with 180° cm. angular correla- 
tion, no events were observed within statistical ac- 
curacy. 

Figure 3 shows the energy dependence of the reaction 
at 45° in the cm. system. It is sufficiently flat that errors 
due to energy spread of the meson beam and finite 
target thickness are small. 

Phys. Rev. 8S, 686 (1951)], the (i-contamination is independent of 
charge. 

T The center-of-mass transformation is small, approximately 
0,05c. The correlation angles in the laboratory system do not differ 
from 180* by more than 15*. Angular distribution measurements 
are easier in this reaction than in the inverse, where the large 
center-of-mass transformation results in a large variation of 
experimental conditions with angle. 
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Fig, 3, Differential cross section for the emission of a proton at 45° 
(and one at 135 D ) to the meson beam in the cm. system. 

The results on the differential cross section at three 
angles are shown in Fig. 4. They are the combined re- 
sults of three determinations, under conditions which 
varied somewhat. For instance, counters No. 3 and 
No. 4 were sometimes 4} in. and at other times 8 in. in 
diameter. The average meson energy in the target for 
the three runs was 28 Mev. The data are corrected for 
the geometrical efficiency of the detecting system which 
varied from 0.48 to 0.84, for the beam composition 
(90 percent jt + , 10 percent ii + ), for the nuclear absorption 
of the mesons and the protons in the target (7 percent), 
and for an inefficiency of 8 percent in the circuits due 
to blocking. 

The cross sections expected under the assumption of 
spins zero and one, on the basis of the results of Cart- 
wright, Richman, Whitehead, and Wilcox, and of 
Peterson' are also shown. The Berkeley group has 
measured the energy distribution of mesons produced 
in the bombardment of hydrogen by 340 Mev protons. 
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Fig. 4. Differential cross section of the reaction r++dr±p-\-P at 
three angles of emission of the proton in the tm. system. The 
average meson energy is 28 Mev in the cm, system. The dotted 
points show the cross sections eipected for spin one and spin, 
zero pions on the basis of the Berkeley results (sec reference 5) . 
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Fig. 5. The spectrum of mesons produced in the collision of 340 
Mev protons in the forward direction. This experiment has been 
performed by Cartwright, Richman, Whitehead, and Wilcox (see 
reference 5). 

(See Fig. 5.) This spectrum consists of a continuum due 
to the reaction p-\-p— >n + +n+p, and a sharp peak at 
an energy which exceeds the theoretical limit of the 
continuum and is due to the reaction p-\-p— >?r + +rf. s 
The cross section is obtained by integrating the energy 
spectrum under the peak. 

Comparison of the two results shows that the ir+ 
meson spin is zero, quite outside the possible limits of 



8 The actual production of deuterons in coincidence with mesons 
has been observed by Crawford, Crowe, and Stevenson, Phys. 
Rev. 82, 97 (1951). 



error in the two experiments. Combining this result 
with those of Panofsky 2 and those on the photomeson 
production, 3 the meson is very likely pseudoscalar. 

It is necessary to point out that the same ratio of 
cross sections could be obtained also for non-zero spin 
mesons provided that pions were completely polarized 
both in the />+Be and p+p meson production re- 
actions. Such polarization is theoretically possible, but 
only in the longitudinal mode, that is, in the mode with 
zero component of angular momentum along the propa- 
gation axis. This seems a rather remote possibility. 

A similar experiment has been performed by D. L. 
Clark, A. Roberts, and R. Wilson, who have reached 
the same conclusions. We are indebted to them for a 
pre-publication copy of their results. 

The experiment is being continued. The reaction is 
interesting also in other connections. As Bethe 9 has 
pointed out, the angular distribution is quite perplexing. 
Furthermore, the energy dependence will shed some 
light on the momentum dependence of the meson nu- 
cleon interaction. We are therefore in the process of 
measuring the angular distribution at several energies. 

We wish to acknowledge our indebtedness to the 
engineering staff of the Nevis Cyclotron Laboratory, 
especially Mr. Harrison Edwards and Mr. Julius Spiro. 

9 H. A. Bethe, letter to R. E. Marshak with copies to C. Rich- 
man and J. Steinberger. We wish to express our thanks to Pro- 
fessor Bethe for this communication. 
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The discoveries of the strange particles, 1943-1959. 

The elucidation of the it — >• \iv decay sequence left particle physics in a relatively simple 
state. Yukawa's particle had been found and the only unanticipated particle was the muon, 
of which I, I. Rabi is said to have remarked "Who ordered that?" The question remains 
unanswered. The cosmic-ray experiments of the next few years quickly and thoroughly 
destroyed the simplicity that had previously prevailed. The proliferation of new particles, 
many with several patterns of decay, produced great confusion. The primary source of 
confusion was whether each new decay mode represented a new particle or was simply 
an alternative decay for a previously observed particle. Continued experimentation with 
improved accuracy and statistics eventually resolved these ambiguities, but basic uncer- 
tainties remained. What was the nature of these particles? How were they related to the 
more familiar particles? The examination of these questions led to the development of the 
concepts of associated production, strangeness, and ultimately, parity violation and SU(3). 

Remarkably, another meson seems to have been discovered before the pion. Working in 
the French Alps in 1943, Leprince-Ringuet and L'heritier took 10,000 triggered pictures 
in a 75 cm x 15 cm x 10 cm cloud chamber placed inside a magnetic field of 2500 gauss 
(Ref. 3.1). This permitted careful measurements of the momenta of the charged tracks. 
One of the pictures showed an incident positive particle of about 500 MeV/c momentum 
produce a secondary of about 1 MeV/c. By assuming the incident particle had scattered 
elastically on an electron and using the measured angles, Leprince-Ringuet and L'heritier 
determined the mass of the incident particle to be 990 m e ± 12% (506 ±61 MeV), aston- 
ishingly close to the mass of the K + . It was impossible that this could have been a re 
(whose mass was known shortly after the French result was finally published in 1946). 
Hans Bethe showed that the data were consistent with the incident particle being a proton 
only if extreme errors were assigned to the measurements. 

Cosmic-ray research just after World War II centered in a few laboratories, including 
Bristol, whose group was led by Powell; Manchester, led by Blackett; Ecole Polytechnique 
headed by Leprince-Ringuet; Caltech, headed by Anderson; and Berkeley, led by Brode 
and Fretter. In 1947, the year of the tc — ► /xv paper of Lattes, Occhialini, and Powell, 
G. D. Rochester and C. C. Butler published two cloud chamber pictures showing forked 

49 



50 3. Strangeness 

Table 3.1. Comparison of old and current nomenclature for 
selected decays. 



Old 


Current 




T 


K+- 


■* 7t + JZ + 7l 


(**3) 


v? 


A°- 


- pTT~ 




v 2 °(e°) 


K S~ 


> JZ + 7Z~ 




K 


K+- 


■* M + v^ 


(^2) 




K+- 


■* M + ^°V/i 


(^M3) 


X(0 + ) 


K+- 


yjt+n 0 


(*»2) 


V+,A+ 


£+- 


* pn , ;?7r + 





tracks (Ref. 3.2). One proved to be the decay of a neutral particle into two charged par- 
ticles and the other, the decay of a charged particle into another charged particle and at 
least one neutral. Whereas the event of Leprince-Ringuet and L'heritier may have estab- 
lished the existence of a particle with mass between the pion and the proton, the discovery 
of Rochester and Butler was much more revealing. It showed there were unstable parti- 
cles decaying into other particles, perhaps pions. These unstable particles could be either 
charged or neutral, and had lifetimes on the scale of 10 to 10~ 10 s. 

Surprisingly, the discovery of Rochester and Butler was not confirmed for over two 
years. Before that occurred, the Bristol group, using emulsions of increased sensitivity, 
observed the decay of a charged particle into three charged particles (Ref. 3.3). This par- 
ticular decay came to be known as the tau meson. A guide to some of the old notation for 
the unstable particle decays is given in Table 3.1. 

Confirmation of the events of Rochester and Butler was produced by the group at Cal- 
tech, which included C. D. Anderson, R. B. Leighton, and E. W. Cowan. Both neutral- and 
charged-particle decays were observed in their cloud chamber exposures, but no accurate 
estimate of the masses of the decaying particles was possible. A year later, in 1951, the 
Manchester group published results they obtained by taking their cloud chamber to the Pic- 
du-Midi in the Pyrenees. Studying the neutral decays, they were able to infer the existence 
of two distinct neutral particles, V® and V® ■ 

The progress on the charged-particle decays was slower. There was confirmation of the 
tau meson decay. In addition, O'Ceallaigh, working at Bristol, produced emulsion evi- 
dence for the decay of a charged particle into a pL + and one or more neutrals, the k decay 
(Ref. 3.4). In one exposure, the /x + was convincingly identified through its decay into e + . 
(See Figure 3.1). 

While the tau meson mass had been measured quite well, the mass of the V° or 6° was 
not determined until the work of R. W. Thompson and co-workers at Indiana University 
(Ref. 3.5). They were able to establish a Q value for the decay of 214 MeV, in good agree- 
ment with the present value (Mk — 2M„ — 219 MeV). This indicated that the tau and 
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Figure 3.1. A k (K) meson stops at P, decaying into a muon and neutrals. The muon decays at Q to 
an electron and neutrals. The muon track is shown in two long sections. Note the lighter ionization 
produced by the electron, contrasted with the heavy ionization produced by the muon near the end 
of its range. The mass of the k was measured by scattering and grain density to be 562 ± 70 MeV 
(Ref. 3.4). 



theta mesons had just about the same mass and set the stage for the famous puzzle about 
the parities of these particles. 

The year 1953 marked a turning point in the investigation of the new V-particles. The 
great achievements of cosmic-ray physics in exploring the new particles was summarized 
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Figure 3.2. Diagram for the angular momentum in r + meson decay. The 7r + 7r + angular momentum, 
L, must be even. The orbital angular momentum, /, of the jt~ must be added to L to obtain the total 
angular momentum (that is, the spin) of the tau. 

in a meeting at Bagneres-de-Bigorre in France. The Vj was well established, as was the tau. 
There were indications of both positive and negative hyperons (particles heavier than a pro- 
ton). The negative hyperon was observed in a cascade that produced a neutral hyperon that 
itself decayed (Refs. 3.6, 3.7) There was a k , which decayed into a muon plus neutrals, and 
a x, which decayed into a charged pion plus neutrals. The 6 — ► tz + tt~ was established, too. 
At the Bagneres Conference, Richard Dalitz presented his analysis of the tau that was 
designed to determine its spin and parity through its decay into three pions. Some imme- 
diate observations about the spin and parity of the tau are possible. If there is no orbital 
angular momentum in the decay, the spin is zero and the parity is (— l) 3 because the parity 
of each pion is —1, and thus J p — 0~ . The system of 7r + jr + can have only even angular 
momentum because of Bose statistics. Dalitz indicated this angular momentum by L and 
the orbital angular momentum of the system consisting of the jt~ and the (jr + ;r + ) by /. 
See Figure 3.2. Then the total angular momentum, J, was the vector sum of L and /. If 
L — 0, then J — I, and P — (— \) J+i . For L — 2, other combinations were possible. 
Dalitz noted that since the sum of the pion energies was a constant, E\ + Ei + Ej — Q, 
each event could be specified by two energies and indicated on a two-dimensional plot. 
(Here we are using kinetic energies, that is relativistic energies less rest masses.) If E\ 
corresponds to the more energetic n + and £2 to the less energetic ir + , all the points fall 
on one half of the plot. See Figure 3.3. If the decay involves no angular momentum and 
there are no effects from interactions between the produced pions, the points will be evenly 
distributed on the plot. Deviations from such a distribution give indications of the spin and 
parity. For example, as £3 — > 0, the it ~ is at rest and thus has no angular momentum. Thus 
I — 0, J — L and P — (— 1) /+1 , Hence if the tau is not in the sequence 0~, 2~, 4~, . . . 
there should be a depletion of events near £3 = 0. As data accumulated in 1953 and 1954, 
it became apparent that there was no such depletion and thus it was established that r + had 
J p in the series 0~, 2~, ... 

The decay distribution for a two-body decay is given by Fermi's Golden Rule (which is actually due 
to Dirac) in relativistic form: 

dV = ^ M 'h^- (3 - 1} 
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Figure 3.3. Dalitz plots showing worldwide compilations of tau meson decays (r" 1 
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as reported by E. Amaldi at the Pisa Conference in June 1955 [Nuovo Cimento Sup. IV, 206 (1956)]. 
On the left, data taken in emulsions. On the right, data from cloud chambers. There is no noticeable 
depletion of events near £3 = 0, i.e. near the bottom center of the plot. Parity conservation would 
thus require the tau to have / = 0~ , 2~ . 



Here dT is the decay rate, p cm is the center-of-mass momentum of either final state particle, M is 
the mass of the decaying particle and dQ is the solid angle element into which one final state particle 
passes. Ml is the Lorentz-invariant amplitude for the process. The amplitude Ml will involve the 
momenta of the various particles and factors to represent the spins of the particles. 

For three-body decays there are more final state variables. If the particles are spinless or if polar- 
ization is ignored, however, there are only two variables necessary to specify the final state. They 
may be chosen to be the energies of the final state particles. The Golden Rule then takes the form 



dr = 



1 

64jt 3 M 



\M\ z dE\dE 2 . 



(3.2) 



Thus if M is constant, dT ~ dE\dEi and the events fall evenly on the Dalitz plot. 

By examining the Dalitz plot, inferences can be drawn about spin and parity. Consider the r — ► 
3jt. If the tau is spinless and the values of L and / are zero, Ml should be nearly constant. (Actu- 
ally, it need not be absolutely constant. It may still depend on the Lorentz-invariant products of the 
momenta in the problem.) Suppose, on the contrary, tau has spin 1. Then it will be represented by a 
polarization vector, e. The amplitude must be linear in e. If we treat the pions as nonrelativistic, it 
suffices to consider just three-momenta rather than four-momenta. The amplitude, in order to be rota- 
tionally invariant, must be the dot product of e with a vector made from the various pion momenta. 
In addition, because of Bose statistics, the amplitude must be invariant under interchange of the two 
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n + 's, particles 1 and 2. Two examples are 

e p 3 

e • (Pi - P2) x P3 (Pi - P2) • P3 

Both represent spin-1 decays. The parity of the decaying object, assuming parity is conserved in 
the decay, is determined by examining the behavior of the quantity dotted into e. In the first case, the 
single momentum contributes (—1) to the parity since the momenta are reversed by the operation. In 
addition, the intrinsic parities of the three pions contribute (— 1) . Altogether, the parity is even, so 
the state is J — l" 1 ". In the second instance, there are four factors of momentum and the parity is 
finally odd. In both cases, the amplitude vanishes as p-$ goes to zero in accordance with the earlier 
argument. 

Dalitz's analysis led ultimately to the x-6 puzzle: were the 6 + (which decayed into 
7t + 7t°) and t + , whose masses and lifetimes were known to be similar, the same particle? 
Of course this would require them to have the same spin and parity. But the parity of the 
6 + — > 7t + 7T° was necessarily (— l) J if its spin was J. These values were incompatible 
with the results for the tau showing that it had J p in the sequence 0~, 2~ , .... How this 
contradiction was resolved will be seen in Chapter 6. 

Cosmic-ray studies had found evidence for hyperons besides the A = V®. Positive par- 
ticles of a similar mass were observed and initially termed Vj or A + . Evidence for this 
particle, now called the E + , was observed by Bonetti et al. (Ref. 3.8) in photographic emul- 
sion, and by York et al. (Ref. 3.9) in a cloud chamber. See Figure 3.4. Furthermore, a hyper- 
fragment, which is a A or E + bound in a nucleus, was observed by Danysz and Pniewski 
in photographic emulsion (Ref. 3.10). See Figure 3.5. Working at Caltech, E. W. Cowan 
confirmed the existence of a negative hyperon (now called the S~ ) that itself decayed into 
A°7r" (Ref. 3.11). 

By the end of the year 1953, the Cosmotron at Brookhaven National Laboratory was pro- 
viding pion beams that quickly confirmed the cosmic -ray results and extended them. The 
existence of the V^~ (E + ) was verified and the V[~ (E~) was discovered. An especially 
important result was the observation of four events in which a pair of unstable particles was 
observed (Ref. 3.12). Such events were expected on the basis of theories that Abraham Pais 
and Murray Gell-Mann developed to explain a fundamental problem posed by the unsta- 
ble particles. These unstable particles were clearly produced with a large cross section, 
some percent of the cross section for producing ordinary particles, pions and nucleons. The 
puzzle was this: The new particles were produced in strong interactions and decayed into 
strongly interacting particles, but if the decays involved strong interactions, the particle 
lifetimes should have been ten orders of magnitude less than those observed. 

The first step in the resolution was made by Pais, who suggested that the new particles 
could only be made in pairs. One could assign a multiplicative quantum number, a sort of 
parity, to each particle, with the pion and nucleon carrying a value +1 and the new particles, 
K, A, etc. carrying —1. The product of these numbers was required to be the same in the 
initial and final state. Thus it~ p — >• K Q A would be allowed, but 7t~ p — ► K°n would 
be forbidden. The Cosmotron result on the production of pairs of unstable particles was 
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Figure 3.4. An emulsion event with a E + entering from the left. The decay is E + — ¥ pit . The p 
is observed to stop after 1255 |J.m. (Ref. 3.8) 



56 



3. Strangeness 




Figure 3.5. The star at A is caused by a cosmic-ray (marked p) incident from above colliding with a 
silver or bromine atom in the emulsion. The track / is due to a nuclear fragment with charge about 
5. Its decay at point B shows that it contained a hyperon. The scale at the bottom indicates 50 (im. 
(Ref. 3.10) 
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consistent with Pais's explanation. Pais's parity was to be conserved only in the strong 
(nuclear) interactions. The weak interactions were not to obey this rule, so weak decays 
like A — >• n~ p were allowed. However, because the weak interactions are quite feeble, 
the lifetimes of the unstable particles could be much longer than would have been the case 
if the decays went through the strong interaction. 

The associated-production proposal of Pais was only a partial explanation. The full solu- 
tion was given by Gell-Mann. In Gell-Mann's proposal, the new quantum number that was 
introduced was not multiplicative, but additive. Each strongly interacting particle has an 
additive quantum number called strangeness. For the old particles (pion and nucleon) the 
strangeness, S, is 0. For the K + the strangeness is +1, while for the A and E's it is —1. 
Pairs of mesons with identical masses but opposite electric charges are antiparticles of each 
other, just as the positron is the antiparticle of the electron. Each antiparticle is assigned 
the opposite strangeness from the particle. Thus the K~ has strangeness —1. While Gell- 
Mann's proposal allowed tt~ p — > K + 'E~ butnot7r~p — ► ^°«, just as the scheme of Pais, 
some of its predictions were different. For example, Gell-Mann's rules forbid nn — ► A A 
while Pais's allow it. An especially important distinction was tt~ p — ► K~'£ + . This is for- 
bidden by Gell-Mann's proposal (the final state has strangeness —2) but allowed by that of 
Pais. Gell-Mann proposed that the strong interactions conserved isospin and strangeness, 
and that electromagnetism conserved strangeness, but allowed a unit change of isospin. 
The weak interactions violated isospin and allowed a unit change of strangeness. 

The proposal of Gell-Mann initially met severe opposition. His classification of the par- 
ticles placed the K meson into two isospin doublets: (K + , K°) and (K , K~). Two objec- 
tions were raised: First he was requiring that a neutral meson not be its own antiparticle. 
Though Kemmer had shown years before that there was nothing wrong with this, it still 
seemed odd. Moreover, many thought it was impossible to have isodoublet bosons (the 
K's) and isovector fermions (the E's), rather than the better known isodoublet fermions 
(nucleons) and isovector bosons (the pions). The objections, of course, eventually gave 
way, as did the resistance to the name strangeness. 

The proposal of Gell-Mann was arrived at independently by Nakano and Nishijima. The 
strangeness S, baryon number B (B — 1 for nucleons and the hyperons A, E, 3), the 
third component of isospin, I z , and charge, Q, were linked by the Gell-Mann-Nishijima 
relation, 

q = I z + (B + S)/2. (3.3) 

Since the masses of the E + and E ~ were not close enough to the mass of the A for them 
to form an isotriplet, a new hyperon, E°, was predicted that would decay into A and a y. 
Since the S~ decayed weakly into Atz~ it was assigned S — —2. Using the Gell-Mann- 
Nishijima equation, we see that the H~ must have I z — —1/2. Thus a E° with /- = 1/2 is 
required. These predictions of Gell-Mann were subsequently verified. 

In 1954 the Bevatron started operating with proton energies up to 6 GeV at the Radiation 
Laboratory in Berkeley. The early emulsion work at the Bevatron concentrated on K + (that 
is, 6 + , x + , or k + ) and r + studies. This work considerably augmented the cosmic-ray data 



58 3. Strangeness 

on mass equality (Ref. 3.13, Ref. 3.14) and lifetime equality (Ref. 3.15, 3.16) between the 
K + and the r + . If these were different particles, they had to be a very close doublet in mass 
with very similar lifetimes as well! Subsequent counter experiments at the Bevatron and 
Cosmotron (Refs. 3.17, 3.18) gave even closer agreement for the lifetimes of the various 
K decay modes and the tau. 

Just as data from accelerators began to supplant those from cosmic rays, a major effort, 
the G-Stack (for "giant") experiment, was mounted by the groups from Bristol, Milan, 
and Padua. A volume of 15 liters of emulsion was flown at a height of 27,000 meters for 
six hours. The emulsion stack was thick enough to stop many of the particles produced by 
decays at rest. Tracing microscopic tracks through 250 sheets of emulsion was an enor- 
mous task, but the reward was also great: the clear identification of the decays K^a, K n 2 
and K e 3. 

In 1955, W. D. Walker measured two cloud chamber events apparently of the form 
n~ p —*■ K°A (Ref. 3.19). One event was consistent with the interpretation that there were 
no additional unobserved particles. The other, however, was inconsistent with this hypothe- 
sis and instead fitted better the supposition that ay or v had been produced as well. Walker 
argued that the best interpretation was that the A was a decay product. The deduced mass 
of the decaying object agreed very well with the known masses of the E + and E~. It was 
natural to conclude that the actual process was jt~ p — »■ ^ 0 E°, followed by E° — > Ay. 
Indeed, Walker showed that that hypothesis explained some discrepancies in the events 
reported earlier by Fowler et al. 

The discovery of the S° did not take place until 1959. Since the S has strangeness 
—2, its production by pions is quite infrequent: the minimal process would be n~ p — > 
K°K° 3°. A more effective means is to start with a particle with strangeness — 1. This was 
accomplished by L. Alvarez and co-workers using a hydrogen bubble chamber and a mass- 
separated beam of K~ mesons of momentum about 1 GeV/c produced by the Bevatron. 
Using the great analytical power of the bubble chamber technique, they were able to iden- 
tify an event K~ p — > K°E° (Ref. 3.20). The K° decayed into 7t + 7t~. The E° decayed 
into A°7T°. Both the decay of the K° and the decay of the S° gave noticeable gaps in the 
bubble chamber pictures. The A 0 was identified by its charged decay mode, A — > pjt~ . 
The last hyperon, £2~, was not discovered until 1964, as discussed in Chapter 5. 

The bubble chamber was invented by Donald Glaser in 1953. The first chambers used propane and 
other liquid hydrocarbons. The idea was rapidly adapted by Luis Alvarez and his group who used 
liquid hydrogen (and later also deuterium) as the working liquid. They also developed methods for 
building increasingly large chambers. The bubble chamber works by producing a superheated liquid 
by rapid expansion just before (about 10 ms) the arrival of the particles to be studied. Bubbles are 
formed when boiling starts around the ions produced by the passage of the charge particles through 
the liquid. These bubbles are allowed to grow for about 2 ms at which time lights are flashed and 
the bubbles are photographed. The properties of bubble chambers are ideally suited for use with 
accelerators. At an accelerator, the arrival time of a particle beam is known. This allows one to 
expand the chamber before the arrival of the charged particles, which is not possible in cosmic-ray 
experiments. 
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Exercises 



3.1 Suppose that in an experiment like that of Leprince-Ringuet and L'heritier a singly 
charged particle of mass M >> m e scatters elastically from an electron. Let the inci- 
dent particle's momentum be p and the scattered electron's (relativistic) energy be 
E. Further, let / be the angle the electron makes with the incident particle (which is 
nearly undeflected). Show that 



M 



-1 1/2 

cos 2 % - 1 • (3.4) 



For the event of Leprince-Ringuet and L'heritier, the cloud chamber was in a magnetic 
field of about 2450 gauss. The incident particle had a radius of curvature of 700 cm 
while that of the electron was 1.5 cm. Take / = 20° and assume the scattering plane 
was perpendicular to the magnetic field. Estimate M. 

3.2 Using the data from Table 1 of Rochester and Butler, Ref. 3.2, and the current values 
for the it, K, p, and A masses, determine whether their photograph 1 is K° — ► ti~tt + 
or A — ► pit ~ . Are the errors in the measurements small enough to permit a confident 
choice? 

3.3 Suppose a neutral particle decays into a positive of mass m + and a negative of mass 
m~ . Assume the angular distribution in the initial particle's rest frame is isotropic. Let 
pf be the component of the positive particle's momentum along the direction of the 
incident particle measured in the lab and similarly for p7. Define 

„+- „- 

1. (3.5) 



Pi + Pz 

Show that the points (a, p t ), where p t is the momentum of a decay product perpen- 
dicular to the line of flight of the initial particle, lie on an ellipse. Discuss how this 
could be used to separate A — »■ pit~ from K° — »■ ti + tt~ . See R. W. Thompson in the 
Proceedings of the 3rd Rochester Conference. 

3.4 Using the data of Thompson et al., and the mass of the charged pion, determine the 
mass of the K° and the associated uncertainty. Compare with the Q value quoted by 
these authors. 

3.5 Carry out the construction oftheDalitz plot for r — ► 3tt. Assume the pions are nonrela- 
tivistic with energies E\, Ej, E^.LetMK — 3M„ — Qanddefinee, = E//Q. Construct 
an equilateral triangle with center x — 0, y — 0 and base along x — — l/3.Theneach 
side is of length 2/ V3. Now for each point inside the triangle, let €3 be the distance to the 
base, €[ the distance to the right leg of the triangle and 62 the distance to the left leg. Using 
the nonrelativistic approximation, show that the physical points lie inside the circle 

X 2 + y 2 = 1/9. 

Make plots showing the contours of equal probability density for the decay of the r 
for the two possibilities, J p — 1~ and J p — 1 + , using the matrix elements given in 
the text. 
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3.6 Consider the decay K + —*■ /Lt + 7T°v /i . What is the relation between the energy of the 
muon in the K + rest frame and the invariant mass squared of the it 0 — v system? What 
is the maximum energy the muon can have, again in the K rest frame? If the energy 
of the muon is E, what is the range of energies possible for the tt 0 ? Use this and the 
relation 

dT ~ \M\ 2 dEidE 2 

to determine the muon energy spectrum assuming the matrix element M. is con- 
stant. Use the result to evaluate the likelihood that the two events discussed by C. 
O'Ceallaigh, Ref. 3.4, are K — >• /x + 7T°y /U . Assume the neutrino, v lx , is massless. 



Further Reading 

A. Pais gives a first hand account in Inward Bound, Oxford University Press, New York, 
1986. 

For a fine historical review, see the articles by C. Peyrou, R. H. Dalitz, M. Gell-Mann and 
others in Colloque International sur I'Histoire de la Physique des Particules, Journal de 
Physique, 48, supplement au no. 12. Dec. 1982. Les Editions de Physique, Paris, 1982. 
(In English) 
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PHYSIQUE NUGLEAIRE. — Existence probable (Tune particule de masse 990 m 0 
dans le rayonnement cosmique. Note (') de MM. Louis Leprince-Riagijet 
et Michel Lheritier. 

Nous avons pris, an cdurs de 1'annee 1943, dans le laboratoire de Largentiere 
(Hautes-Alpes) situe a iooo m d'altitude, une serie de 10000 cliches de trajec- 
toires cosmiques commandees par compteurs. Les rayons, iiltres par io cm de 
plomb, traversaient une chambre de Wilson de ^o'"" de hauteur, placee dans 
un, champ magnetique H de 2000 gauss environ. Nous nous sommes places dans 
les conditions experimentales les plus favorables [discutees precedemment (-), 
( 3 ), [")] pourprohter au mieux des cliches de collision entre particules pene- 
trantes et electrons du gaz de la chambre, dans ie but de determiner la masse 
au repos de la particule incidente. 

Nous avons obtenu une dizaine de cliches interessants. Le plus remarquable 
represente one collision dans le gaz pour laquelle d'excellentes conditions sont 
realisees : le secondaire fait avec le plan median de la chambre un angle Z tel 
que tangC = o,32 et son rayon de courbure projete (i cra ,6), ainsi que la fleche 
dont il s'ecarte du primaire sont mesurables avec precision. Le (Hp) du pri- 
maire =i,yxio s gauss x cm. La formule de collision elastique donne pourle 
primaire, qui est positif, la masse au repos 

p. 0 r=gg,o ± 12 % (limites extremes de I'erreur) ('). 

La masse ainsi obtenue peut surprendre. Les indications suivantes, qui 
donnent des garanties de la validite de la raesure, nous ont pousses a publier ce 
resultat. 

(*) Les enroulements sont doubles et mantes de facon que la somme des amperes-tours 
produits par le courant des tubes electroniqu.es soit pratiquementannuleea 1'etat de repos. 

(') Seance du ij juin io,44- 

( 2 ) L. LEPRiNCK-RiNfiiiET, S. Gorodetzkit, E. Nage0tte, K. Richard-Fov, Complex rendus, 
211, io4o, p. 082; Phys. Rev., 59, ig4ij p- 460; Journal de Physique, 2, 1941, p. 63. 

{') R. Richard-Foy, Comptes rendus, 213, ig4i; Cahiers de Physique, 2" serie, ig4a, 
p. 65. 

( 4 ) S. Gorodetzkt, These, Paris, 1942; Ann, de Physique, 19, ig44) PP- 0-70. 

( 5 ) Nous a'avoos pas tenu compte de I'erreur que peut introduire une courbure naturelle 
des trajectoires, due a la diffusion couiombienne; cette erreur peut etre de l'ordre de 5%. 
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SEANCE DU l3 DECEMBRE ig44- 619 

i" II ne peut y avoir, dans 1'ensemble de notre experience, de grossiere 
erreur : en effet nous sommes conduits, pour deduire la masse des donnees du 
cliche, a effectuer deux operations successives : tout d'abord lire sur l'abaque 
de Richard-Foy ( :i ) la valeur d'une quantjte Z fonction seulenient des donnees 
du secondaire et de la valeur du champ; ensuite calculer la masse u. 0 par la 
relation jjl 0 = Z( p ,/p 0 ), p, etantla projection du rayon de courbure du primaire, 
sur le plan perpendiculaire au champ, et c 0 la quantite p n cm = 1700/H gauss : 
le primaire n'intervient que dans cette seconde operation. 

Or certains cliches, notamment six cliches remarquables, donnent des colli- 
sions avec un secondaire se presentant dans de bonnes conditions, mais avec 
ira primaire trop peu courbe pqur pouvoir etre mesure. Ces cliches, inutili- 
sables pour fournir une valeur de la masse, sont du plus haut interet pour 
donner une confirmation de la methode et de la validite de Pexperience. Us 
doiventen effet donner un Z voisin de zero, puisque le rapport p,/p 8 est alors 
parfois superieur a 10000 et que jj. c ne peut depasser plusieurs milliers. On 
trouve ce resultat sur l'abaque a partir des donnees mesurees du secondaire, et 
de la valeur du champ : les limites extremes trouvees pour Z encadrent bien la 
valeur zero, de facon parfois extremement precise. Or ceci n'est possible que 
si d'une part la collision est elastique, et si d'autre part il n'y a pas d'erreur 
grave sur les mesures. 

■2° De grandes precautions ont ete prises pour s'assurer du caractere secon- 




Dessin ster^oscopique de la collision. 



daire de l'electron ejecte (notamment stereoscopie triple) et pour obtenir une 
restitution dans l'espace donnant les meilleures g-aranties d'exactitude et de 
separation. 

3" Le cliche donnant la masse ggo se presente particulierement bien : des 
erreurs merae notables sur la mesure de la fleche, sur celle de Tangle d' ejection 
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dans l'espace et sur la valeur du champ affecteraient a peu pros lineairement la 
valeur de la masse, ce qui est le cas le plus favorable. On pourrait supposer, 
pour expliquer ce resultat, que le secondaire a subi, peu apres le choc, une 
diffusion notable invisible a I'oeil; mais ce ne peut etre le cas : meme si 1'on 
supposait une diffusion brusque de 6" degres au depart (ce qui seraif fort 
improbable), la valeur de la masse ne serait a modifier que de 80 unites. 

4° Signalons enfin que trois autres collisions, observees dans la serie de nos 
cliches, permettent d'encadrer la valeur de la masse du mesoton normal, sans 
toutefois autoriser, a cause de la valeur elevee du moment reduit ou de l'impre- 
cision sur la fleche, une. mesure precise de sa masse. 

En resume, nous possedons une mesure se rapportanta uneparticule positive 
de masse (990 ±12 %)»»„. On peut remarquer que cette valeur est a peu pres 
quadruple de celle du mesoton normal; une partieule ayant une masse moitie 
de celle du proton (925) entrerait d'ailleurs aussi dans l'intervalle de nos 
mesures; cela sous reserve que la collision soit elastique, fait que nous ne 
pouvons naturellement pas affirmer pour le cliche envisage, mais qui est verifie 
pour tous les autres cliches remarquables presentant une collision a primaire 
peu courbe dans la meme serie d'experiences, sous reserve egalement que les 
charges electriques des particules incidente et heurtee soient cedes de l'electron, 
ce qui est probable; la charge double de Tune des particules est exclue par 
l'observation de 1'ionisation. 
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EVIDENCE FOR THE EXISTENCE 
OF NEW UNSTABLE ELEMENTARY 
. PARTICLES 

By Dr. G. D. ROCHESTER 

AND 

Dr. C. C. BUTLER 
Physica! Laboratories, University, Manchester 

AMONG some fifty counter-controlled eloud- 
chamber photographs of penetrating showers 
which we have obtained during the past year as part 
of an investigation of the nature of penetrating 
particles occurring in cosmic ray showers undor load, 
there are two photographs containing forked tracks 
of a very striking character. These photographs 
have been selected from five thousand photographs 
taken in an effective time of operation of 1 ,500 hours. 
On the basis of the analysis given below we believe 
that one of the forked tracks, shown in Fig. 1 (tracks 
a and 6), represents the spontaneous transformation 
in the gas of the chamber of a new type of uncharged 
elementary particle into lighter charged particles, 
and that the other, shown in Fig, 2 (tracks a and 6), 
represents similarly the transformation of a new typo 
of charged particle into two light particles, . one of 
which is charged' and the other uncharged. 

The experimental data for tho two forks are given 
in Table 1 ; H is the value of tho magnetic field, a the 
angle between the tracks, p and Ap the measured 
momentum and the estimated error. The signs of 
the particles are given in the last column of the 
table, a plus sign indicating that the particle is 
positive if moving down in the chamber. Careful 
re -projection of the stereoscopic photographs has 
shown that each pair of tracks is copunctal. More- 
over, both tracks occur in the middle of the chamber 
in a region of uniform illumination the presence of 
background fog surrounding the tracks indicating 
good condensation conditions. 

Though the two forks differ in many important 
respects, they have at least twe essontial features in 
common ; first, each consists of a two-pronged fork 
with the apex in the gas ; and secondly, in neither 
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TASLE 1. EXPERLUBKTAI. DATA 
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(gauss) 


a Track 
<dcg.) |. 
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(eV./c.) 
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35O0 
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3-4 X 10' 
3-5 X 10" 


1 -0 X 10" 
1-6 X 10* 


+ 


2 


7200 


161-1 , a 
6 


6-0 x 10" 
T-7 X 10* 


8 0 X 10* 
1-0 X 10" 


+ 

,,+ " 



case is there any sign of a track due to a third 
ionizing particle. Further, very few events at all 
similar to these forks have been observed in the 
3-cm. lead plate, whereas if the forks were due to 
any type of collision process one would have expected 
severai hundred times as many as in the gas. This 
argument indicates, therefore, that the tracks cannot 
bo due to a collision process but must be due to 
some type of spontaneous process for which tho 
probabiiity depends on tho distance travelled and 
not on the amount of matter traversed. 

This conclusion can be supported by detailed 
arguments. For example, if either forked track 
were due to the deflexion of a charged particle by 
collision with a nucleus, the transfer of momentum 
would be so large as to produce an easily visible 
recoil track. Then, again, the attempt to account 
for Fig. 2 by a collision process meets with the 
difficulty that the incident particle is deflected 
through 19° in a single collision in the gas and only 
2-4° in traversing 3 cm, of lead — a most unlikely 
event. One specific collision process, that of electron 
pair production by a high-energy photon in the field 
of the nucleus, can be excluded on two grounds : the 
observed angle between the tracks would only be a 
fraction of a degree, for example, 0-1° for Fig. I, 
and a large amount of electronic component should 
have accompanied the photon, as in each case a lead 
plate is close above the fork. 

We conclude, therefore, that the two forked tracks 
do not represent collision processes, but do represent 
spontaneous transformations. They represent a type 
of process with which we are already familiar in the 
decay of the meson into an electron and an assumed 
neutrino, and the presumed decay of the heavy 
meson recently discovered by Lattes, Oochialini and 
Powell'. 
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The Masses of the Incident Particles 

Lot ua assume that a parti clo of mass M and 
initial momentum P is transformed spontaneously 
into two particles of mosses m, and m„ momenta p, 
and p, at angles of 8 and 9 with the direction of tho 
incident particle. Then the following relations must 
hold: 



VJtf , c 4 +f J V = VmA'+p^c* + Vm,V+J>A' { 1 ) 

J 3 = p, cos fl + p, cos 9 (2) 

pi sin 0 — p, sin 9. (3) 

These general relations may bo used to obtain the 
mass of the incident particle as a function of the 
assumed masses of the secondary particles. 

The value of M must be greater than that obtained 
by taking tho rest masses of tho secondary particles 
as small compared with their momenta ; thus tho 
minimum value Mata is given by tho following 
equation : 

• MbUdC* = c vTpTTp.)' - i". W 

Applying this equation to the forked track of Fig. 1, 
after calculating P from the observed values of p, 
and p„ it is found that Mmia >s ("0 ± 200)m, whore 
m is the mass of the electron. The application of 
equation (4) to tho forked track of Fig. 2, however, 
after calculating p, frQm the observed values of P 
and p„ shows that Mm^ = (1,700 ± lS0}m. This 
value of the mass would require an ionization for the 
incident particle of twice minimum, which is incon- 
sistent with the observed ionization. We are therefore 
justified in assuming that tho real value of P is 
greater than the observed value which, as indicatod 
in Table 1, has a large error. If larger values of P 
are assumed, then M m \n is reduced in value. Tho 
lowest value of M m u, is (980 ± 150)m if P is 14-fi x 
10' oV./c. Btiyond this value of P tho mass increases 
slowly with increasing momentum. No choico of 
incident momentum will bring tho mass of tlio 
incident particle below 980 m. 

In tho special enso whoro tho incident particle 
disintegrates transversely into two particles of equal 



mass »i„ giving a symmetrical fork, equation (1) 
reduces to the following expression, 

M 2m, ( rfc' \'" 

whore p is the momentum of ouch of tho socondory 
particles. Some typical results for different assumed 
secondary particles, calculated from equation (6), ore 
given in Table 2. On the reasonable assumption 
that the secondary particles are light or heaw 
mesons, that is, with masses of 200m or 400m, we 
find that the incident particle in each photograph 
has a mass of the order of 1,000m. 



tjlhu 2. Kiss or ihcidist rumen is i. uracnon or turn or 
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2 


0 

m 

400 
1837 


7-7 X ID> ± 1-0 X 10* 


•fOllso 
108O ± 100 
1280 ± 100 
SS20 ■•- GO 



Upper values of tho masses of the incident 
particles may also be obtained from the values of 
the ionization and the momenta. Thus for each of 
tho observed particles in Fig. 1, the ionization is 
indistinguishable from that of a very fast particle. 
Wo conclude, therefore, that p = it/c >• 0-7. Sinco the 
momentum of the incident particlo may be found 
from tho observed momenta of tho secondary par- 
tides, wo can apply oquntion (!) to calculate M. In 
this way wo find Mint -< 1,600, Again, sinco the 
Ionization of the incident particle in Fig. 2 is light, 
[i ^- 0-7. from which it con be shown that Mjm -< 
1200. This last result, lumever, must !h» tJikon with 
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caution because of the uncertainty in the measured 
value of the momentum of the incident particle. 

One further general comment may be made. This 
is that the observation of two spontaneous dis- 
integrations in such a small number of penetrating 
showers suggests that the life-time of the unstable 
particles is much less than the life-time of the ordinary 
meson. An approximate value of this life-time may be 
derived as follows. The probability of an unstable 
particle of life-time t 0 decaying in a short distance D 
is given by 

Since the .total number of penetrating particles in. 
the penetrating showers so far observed is certainly 
less than 50, we must assume that the number of 
our new unstable particles is unlikely to have been 
greater than 50. Since one particle of each type has 
been observed to decay, we can therefore put pmO 02. 
Setting D <ss 30 cm., and |3 = 0-7, we find from 
equation (6) that t 0 = 5-0 X 10~ s sec. 

We shall now discuss possible alternative explana- 
tions of the two forks. 

Photograph 1. We must examine the alternative 
possibility of Photograph 1 representing the spon- 
taneous disintegration of a charged particle, coming 
up from below the chamber, into a charged and an 
uncharged particle. If we apply the argument which 
led to equation (4) to this process, it is readily seen 
that the incident particle would have a minimum 
mass of 1,280m. Thus the photograph cannot be 
explained by the decay of a back-scattered ordinary 
meson. Bearing in mind the general direction of the 
other particles in the shower, it is thought that 
assumption of the disintegration of a neutral particle 
moving downwards into a pair of particles of about 
equal mass is more probable. Further, it can be 
stated with some confidence that the observed 
ionizing particles are unlikely to be protons because 
the ionization of a proton of momentum 3-5 X 10 s 
eV./c. would be more than four times the observed 
ionization. 

Photograph 2. In this case we must examine the 
possibility of the photograph representing the 
spontaneous decay of a neutral particle coming from 
the right-hand side of the chamber into two charged 
particles. The result of applying equation (4) to this 
process is to show that the minimum mass of the 
neutral particle would be about 3,000m. In view of 
the fact that the direction of the neutral particle 
would have to be very different from the direction 
of the main part of the shower, it is thought that the 
original assumption of the decay of a charged particle 
into a charged penetrating particle and an assumed 
neutral particle is the more probable. 

We conclude from all the evidence that Photo- 
graph 1 represents the decay of a neutral particle, 
the mass of which is unlikely to be less than 770m or 
greater than 1,600m, into the two observed charged 
particles. Similarly, Photograph 2 represents the 
disintegration of a charged particle of mass greater 
than 980m and less than that of a proton into an 
observed penetrating particle and a neutral particle. 
It may be noted that no neutral particle of mass 
1,000m has yet been observed; a charged particle 
of mass 990m ±12 per cent has, however, been 
observed by Leprince-Ringuet and L'heritier 2 . 

Peculiar cloud-chamber photographs taken by 
Janossy, Rochester and Broadbent 3 and by Daudin 4 
may be other examples of Photograph 2. 



It is a pleasure to record our thanks to Prof. 
P. M. S. Blackett for the keen interest he has taken 
in this investigation and for the benefit of numerous 
stimulating discussions. We also "wish to acknow- 
ledge the help given us by Prof. L. Rosenfeld, Mr. 
J. Hamilton and Mr. H. Y. Tzu of the Department of 
Theoretical Physics, University of Manchester. We 
are indebted to Mr. S. K. Runcorn for his assistance 
in running the cloud chamber in the early stages of 
the work. 

1 Iattes, 0. M. G., Occhialini, G. P. S., and PoweU, O. F., Nature, 
160, 463, 486 (1947). 

* Xeprince-Illiiguet, L., and I/heritier. M., J. Phys. Radium. (Ser. 8), 

7, 66, 69 (1946). Bethe, H. A., Phut. Rev., 70, 821 (1946). 

* Janossy, I,., Rochester, G. D., and Broadbent, D., Nature, 155,1 42 

(1945). (Fig. 2. Track at lower left-hand side of the photograph.) 

* Daudin. J., Annates de Physique, 11« Serie, 19 (Avril-Juin), 1944 

(Planche IV, CIich6 16). 
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OBSERVATIONS WITH ELECTRON-SENSITIVE PLATES EXPOSED TO 

COSMIC RADIATION* 

By Mtss R. BROWN. U. CAMERINI. P. H. FOWLER, H. MUIRHEAD 

and Prof. C. F. POWELL 

H. H. Wills Physical Laboratory, University of Bristol 

and D. M. RITSON 

Clarendon Laboratory, Oxford 



PART Z FURTHER EVIDENCE FOR THE EXIST- 
ENCE OF UNSTABLE CHARGED PARTECLES, 
OF MASS ~ 1,000 m ti AND OBSERVATIONS ON 
THEIR MODE OF DECAY 

ONE of the first events found iu the examination 
of electron-sensitive plates exposed at the Jung- 
friHjjuuh is represented in bhe mosaic of photomicro- 
graphs shown in Fig. 8. There are two centres, A and 
B, from which the tracks of charged particles diverge* 
and these are joined, by a common track, t. Because 
of the short duration of the exposure, and the small 
number of disintegrations occurring in the plate, the 
chance that the observation corresponds to a fortuit- 
ous juxtaposition of the tracks of unrelated events 
is very small — of the order I in 10 T . It is therefore 
reasonable to exclude it as a serious possibility- 
Further observations in support of this assumption 
are presented in a later paragraph. 



that it carried the elementary electronic chargn i 
and that it had reached, or was near, the end of its 
range at the point A* We therefore assume that the 
particle k initiated the train of events represented by 
the tracks radiating from A and B. It follows that 
the particle producing track t originated in star A, 
and produced the disintegration B. In order to 
analyse the event, we first attempted to determine 
the mass of the particle k. 

Mass Determfnations by Grain-Counts 
About a year ago, experiments wore made 
iu this Laboratory to determine the ratio, m^frnp, of 
the masses of tt- and L* -mesons, by the method of 
grain-counting 6 , and by studying the small-angle 
scattering of the particles in their passage through 
the emulsion 1 * The values obtained by the two 
methods were nin/m,,.— 1-65 ±011, and »r*r/mp = 
1-36 ± 0-10*, respectively. He cent experiments at 
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An inspection of the track h shows that the particle 
producing it approached the centre of disintegration 
A, The range of the particle in the emulsion exceeds 
3,000 U-, and there is continuous increase in the grain - 
density along the track in approaching A. Near A> 
the grain-density is indistinguishable from that of 
particles of charge e, recorded in the same plate, near 
the end of their range. 

The evidence for the direction of motion of the 
particle based on grain-counts is supported by 
observations on the small-angle deviations in the 
track due to Coulomb scattering. These deviations 
are most frequent near A 3 and the scattering is less 
marked at points remote from it. 

From these observations, it ia reasonable to con- 
clude that the particle h approached the point A ; 

* Continued from pas* 61. 



Berkeley 9 suggest that the true value is 1-33 ± 0 02, 
a result which throws serious doubt on the reliability 
of the method based on gram-counts. Because of the 
advantage of this method, and of the important 
conclusions which have been based on it, experiments 
were made to determine the conditions in which 
reliable results can be obtained. 

In the first- experiments 6 , the two most serious 
experimental difficulties arose from the fading of the 
latent image and from the variation of the degree of 
development with depth. This made it necessary to 

* For the following reasons, the limits of error quoted above. In the 
determination of tn^nt^ by olraprviitions on scattering, are leas than 
those given In ref <i. Previously, values for tha maes of the different 
types of mesons, classified phenoenenologically, were given separately 
It Is now known, however, that at least the majority of the (Htmeoffii 
are it — particles} and the pmesous., &+- ami F^-partJcles, The 
different results can therefore he combined to give a value for urn/nig 
with a greater statistical weight. 
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An Unusual Example of V Decay* 

H, W. THGMrsan, A. V. BtrsKiiiR, I.. R r Etteb, 

C. J. Kakzmark, akd R. h. Rktmkfr 

DcparhHtnt of Physics, Indiana University, Blmmintlon. lutliuna 

{Received April 6, 1933) 

THE object of this note is to report in detail a rather unusual 
V* decay recently observed in the new magnetic chamber, 1 
Event R- 118 is shown in Fig. 1 . The V> particle, occurring wi th a 
penetrating shower, decays after traversing about one-eighth of 
the illuminated height of the chamber. The decay takes place 
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F[G. I, Event R-3IS. The uujx-r I of tilt* chamber 19 shown. The oh- 
duration pf track b. by an Unrelated old track, is less in the Other two 
stereoscopic views. 

very near the center of the illuminated depth; the positive 
fragment (track a) is projected almost vertically clown, and the 
negative Fragment (track b) almost horizontally to the right. 

The track of the positive fragment is 43 cm long and is well 
illuminated throughout its entire length. The comparator plot for 
the left eye is shown in Fig. 2. The corrected momentum, derived 
from the three eyes, is O.o7±0.02 Bev/c, and the ionization is 
indistinguishable from that of electronic tracks nearby, A proton 
ol this momentum would be heavily ionjzing by a factor 2.3 t 
which it is believed would not easily escape detection under these 
conditions. Thus it is probable that the positive fragment is 
lighter than a proton, which means that the disintegration is not 
of the type Vf-ip+w, 

The track of the negative fragment, although relatively short, 
is highly curved and distinctly heavily ionizing. The track makes 
an angle of 26° with the plane of the chamber and crosses the 
front boundary of the illuminated depth near the right side of 
the chamt>er, as evidenced by the fading of track b in Fig. 1. 
The comparator plot for the Jeft eye is shown in Fig. 2. The 
momentum is 0.094±0.008 Bev/i, and the track is heavily 
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ionizing by an estimated factor of 2 or 3. A pion of this momentum 
would be heavily ionizing by a factor 2.5 j and a muon by a factor 
1.8; thus it is likely that the negative fragment is a pion or nuon. 
A r-meson of this momentum would be heavily ionizing by a 
factor in the neighborhood of 15 and would not easily escape 
detection. We thus consider it unlikely that this event represents 
a decay of the type suggested by the California Institute of 
Technology group, 2 namely Vs°— »(r"~ or K~)4-ir + +60 Mev. 

The corrected angle between the tracks is 79.2°±0.4°, the 
relatively large error arising primarily from the shortness of the 
negative track. Although the orientation of the event with respect 
to the associated shower suggests that it represents the decay of 
a neutral V particle (the angle of decay being so large), the 
possibility that the event is grossly misinterpreted must not be 
overlooked. The possibility that the event represents the decay of 
a charged particle (track b) which enters the chamber from the 
right can be excluded on energetic grounds since the total energy 
indicated by track b is considerably less than the kinetic energy 
of track a. The possibility that the event represents the decay 
of a charged particle (track a) which enters the chamber from 
below is a possible but relatively improbable interpretation. 

The Q(ir, -it) value is 215d=7. The next most accurate cases 1 
R-32 and R-39 give 212±10 and 216=b7, and a recent unpublished 
event (R-151) gives 219=1=15. Confirmation of individual Q(w, t) 
values in the neighborhood of 214 Mev has not been forthcoming 



In view of the limited statistics (7 cases of V$} } we cannot, of 
course, exclude a splitting of the V£ structure in the Q-curve 
plot, 1 or a three-body decay. The latter might account for part 
of the differences with the results of other investigators, and for 
events 1 328 and R65B. 

* Assisted by the U. S. Office of Ordnance Research and by grant of the 
Frederick Gardner Cottrell Fund of the Research Corporation. 

1 Proceedings of the Third Rochester Conference. See Thompson, Buskirk, 
Etter, Karzmark, and Rediker, Phys. Rev. 90, 329 (1953). 

*Leighton, Wanlass, and Anderson, Phys. Rev. 89, 148 (1953). 

3 We are indebted to Dr. Butler for recently informing us that the 
Manchester data has been remeasured to give Q(ir, jt) values in the neigh- 
borhood of 170 Mev instead of 122 Mev as previously reported. 

4 We are indebted to Dr. Bridge for sending us a preprint of a forthcoming 
paper of the Massachusetts Institute of Technology group, 

6 With the new magnetic chamber, we find roughly equal numbers of 
Vi° and Vi a (see below). 

8 The Manchester group and the Massachusetts Institute of Technology 
group use the symbol V2 0 to indicate the class of all neutral V particles 
other than Vi°~-*p+ir. In that usage, the V2° symbol seems inappropriate 
here, in view of the large variety of decay schemes in that class which 
have been reported (see reference 2), but which we have not as yet observed. 

7 In case one or both fragments are muons, slight modification of the Q 
value would be necessary. 

8 The kinetic energy per pion in the cm. system would be 107 Mev, 
very near E7r = 115±10 Mev for the x-decay. See the excellent review 
paper of D. H. Perkins in the Proceedings of the Third Annual Rochester 
Conference on High Energy Physics (Interscience Publishing Company, 
New York, 1953). 
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Fig. 2. Comparator plots of R-118 for the left eye. The plots for the other 
two stereoscopic views are of the same quality. 



from other groups, and there is certainly no indication therefrom 
for the existence of either a line or a pronounced maximum in 
that neighborhood. We are inclined to consider that the values in 
the neighborhood of 214 determined as described above are 
incompatible with a value of 170 Mev, 3 limits of 115-185 Mev, 4 
or a range of 100-130 Mev, 2 so that the present observations 
appear to be distinct from those of other investigators. 

It may be that the experimental arrangement has biased 5 our 
observations in favor of a different type 6 of neutral V particle, 
Vf-+(v + or ^ + ) + (tt- or m~)+<3, where Q(ir, x) = 214±5 Mev. 7 - 8 
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Production of Heavy Unstable Particles by Negative Pions* 

W. B. Fowler, R. P. Shutt, A. M. Thorndike, and W. L. Whittemore 

Brookhaven National Laboratory, Upton, New York 

(Received November 10, 1953) 

In addition to two previously discussed cloud-chamber examples of F-particle production by l.S-Bev 
■k^ mesons from the Cosmotron, four further examples are discussed here. In two of the new examples a 
A°(Fi°) and a t?°(F 4 0 )-are seen to decay in a geometry indicating that they were produced together in a 
Tr~~—p collision. A third example is best interpreted as production of a hr{Vi~) together with a K + (V2 + ) by 
a 7r~" colliding with a proton. A fourth example shows a probable A" decaying into a tt~ and a neutron with a 
Q value of about 130 Mev. A cross section of ~"1 millibarn for F-particle production is inferred from the 
number of if~—p collisions observed. 



IN a previous letter 1 we have reported two examples 
of A 0 particles 2 produced in hydrogen by negative 
pions (tt~) of 1.5-Bev kinetic energy. For both examples 
it was shown that if there were only two resulting par- 
ticles the second was a K" particle of a mass of about 
650 Mev. Since, however, the K" was not seen to decay 
it was also possible to balance energies and momenta by 
assuming two lighter neutral particles (including x°) 
instead of one K" in addition to the A 0 . 

Observations on heavy unstable particles in cosmic 
radiation indicate lifetimes as long as 10~ 10 to 10~ 9 
second with production cross sections at least lO"" 2 times 
those for v mesons. These facts can be reconciled theo- 
retically 3 if it is assumed that the particles must be 
produced doubly (two at a time). Different particles 
may be produced simultaneously, in addition to pairs 
of identical ones. It appears that no evidence for double 
production of such particles, exceeding purely statistical 
coincidence, has been reported in cosmic radiation 
although a few examples might perhaps be interpreted 
in this manner. 4 The two examples of production in 
hydrogen reported by this group indicate multiple 
production. This interpretation is uncertain, however, 
since the K" particles are not observed to decay and the 
computed masses are higher than the value of about 
S00 Mev most commonly found for K particles. 

We now wish to describe three additional cases where 
double production of heavy unstable particles by 1.5- 
Bev ir~ is indicated with more certainty then in the 
previous two examples. We shall refer to the previous 



* Work performed under the auspices of the U. S. Atomic 
Energy Commission. 

1 Fowler, Shutt, Thorndike, and Whittemore, Phys. Rev. 91, 
1287 (1953). 

2 We are using here the nomenclature suggested for V events 
at the International Congress on Cosmic Radiation, Bagneres-de- 
Bigorre, France. Accordingly A 0 - 4 "- - — >nucleon+pion-r-()A; K 0 + ~ 
is any particle whose mass falls between those of pion and proton ; 
for example, !?°(->7r + +ir-+Q.s) is a K". 

3 A. Pais, Phys. Rev. 86, 663 (1952). References to previous 
work are cited in this article. A. Pais, Proceedings of the Lorentz- 
Kamerlingh Onnes Conference, Physica (to be published) ; M. 
Goldhaber, Phys. Rev. 92, 1279 (1953); M. Gell-Mann, Phys. 
Rev. 92, 833 (1953). 

' Leighton, Wanlass, and Anderson, Phys. Rev. 89, 148 (1953) ; 
Fretter, May, and Nakada, Phys. Rev. 89, 168 (1953); G. D. 
Rochester and C. C. Butler, Repts. Progr. in Phys. 16, 364 
(1953), give a comprehensive review of cosmic-ray results. 



examples as cases A and B. Case C shows a A 0 together 
with a #° probably produced in a heavy nucleus. Case D 
shows the same combination produced in hydrogen. 
Case E shows what may well be a A - together with a 
K + with mass of about 500 Mev produced in hydrogen. 
A few cases of A + have been observed in cosmic radia- 
tion 6 ' 6 but evidence for A - is less certain. In a fourth 
case, called F, we shall describe an additional example 
best interpreted as a A - . 

Details of the experimental method will be described 
in a later article. A diffusion cloud chamber filled with 20 
atmospheres of hydrogen was exposed to a 1.5-Bev ir~ 
beam produced in a carbon target by the 2.2-Bev 
circulating proton beam in the Cosmotron. The pions 
were selected and collimated by the field of the Cos- 
motron magnet and a channel in the concrete shielding 
around the machine. The beam thus obtained is quite 
monoenergetic with a spread probably less than ±0.1 
Bev. The beam was finally deflected by a magnet into a 
concrete house containing the cloud chamber mounted 
between the pole faces of a magnet providing an aver- 
age field of 10 500 gauss. This magnetic field has been 
calibrated to 1 percent accuracy and its vertical and 
horizontal components have been mapped throughout 
the chamber. 

The examples to be described were obtained out of a 
total of 26 000 photographs obtained at a rate of one 
every 7 to 8 seconds. In addition many examples of 
V events were found for which no associated V event 
or nuclear interaction in the gas was observed. Finally, 
we have observed about 170 pion interactions in hy- 
drogen, most of which lead to single and multiple pro- 
duction of pions. These will be described in a later 
article. 

CASE C:A° WITH #» 

Figure 1 (case C) shows a photograph of two V events, 
of which (a) is considered to be a A 0 , and (b) a t?°. Data 
which lead to this identification are given in Table I. 
Row 2 gives the momenta as measured on the 35-mm 
film by means of a Cooke microscope. The measure- 

5 York, Leighton, and Bjornerud, Phys. Rev. 90, 167 (1953). 

6 International Congress on Cosmic Radiation, Bagneres-de- 
Bigorre, France (unpublished). 
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Fig. 1. Case C. Diffusion 
cloud-chamber photograph 
of two neutra.1 V particle? 
(a) and (b), whose lines of 
flight arc almost colinear. 
(a) is believed to be a A 0 
decaying into a proton (la) 
and a negative x meson 
(2a). Tracks la and 2a prac- 
tically coincide in the right 
view, (b) is probably a €* 
decaying into ■r* (lb) and 
<T (2b). 



merits have been corrected for dip angle and space 
variations of magnetic field and magnification. The 
mass limits given in row 4 were deduced from measured 
momenta and estimated ionization densities. Row 5 
shows what particle was assumed for further calculation. 
The angles between tracks in row u were obtained from 
a 3-dimensional reprojecting system as well as by 
geometrical reconstruction and calculation. The Q value 
for (a) is, within the given error, consistent with the 
usually accepted value of 37 Mev for a A". The Q value 
for (b) is rather large compared to the best value of 214 
Mev given in the literature' for a iJ°. 

From the measured momenta and angles in space for 
each track one can infer that the lines of flight of the 
A 0 and # 0 practically coincide. From the total number 
of A 0 and #° (originating in the walls) found in the 
26000 pictures one concludes that the probability for 
random association of the two particles in such a geom- 
etry is ~10 -8 . We therefore should be justified in 
assuming that the A" and i?° were produced in one act. 
Since no incident particle is visible in the chamber and 
since the A 0 and #' travel at an angle of about 24° 
upwards from the bottom of the chamber, we assume 
that they were produced in or below the bottom glass 
plate, though probably not much further down since 
the pion beam was fairly well collimated. The origin 
must, of course, lie on the line of intersection of the 
decay planes of the A 0 and # D , Both paT tides travel in 
directions between 0,5° and 1.5° to this line for a range 
of reasonable choices for the position of the origin. 

The following procedure can now be used to deter- 
mine the Q values more accurately than before. Since 



' Thompson, Buskirk, Ettcr, Karzmark, and Redikcr, Phys, 
Rev. 90, 1122 (1953). 



we know the directions of the lines of flight of A" and #° 
with fair certainty we can deduce the momentum of 
one decay product in each V event from the momentum 
of the other. As row 2, Table I, shows, the momenta of 
la and 2b are known much better than those of lb and 
2a. We therefore have deduced the momenta of lb and 
2a. For the momenta of la and 2b we have chosen their 
lowest values within the given experimental errors. 
This choice will result in somewhat lower Q values than 
calculated above. The new momenta are given in row 8 
and the recalculated Q values in row 9. The indicated 
remaining errors are now mainly due to the mentioned 
uncertainty in the directions of flight of A 0 and 9 s . The 
Q value for the 9° is still not in good agreement with the 
usual value of 214 Mev. 

From the momenta in row 8 and the given angles one 
finds the momenta of A 0 and i>° given in row 10. As- 
suming that the particles were produced in a collision 
between a jt _ and a nucleon and that no additional 
particle was involved {»-+ £— jA'-f-t? 0 ) one calculates 
from the resultant of the momenta of A° and i?" that 
the total energy of incident pion and nucleon must have 
been 2050±25 Mev before the collision. On the other 
hand , w ith the mases of 1 1 1 9± 1 0 and 546 ± 20 Mev f or 
A 0 and i? 0 , respectively, one finds for the sum of their 
energies a value of 2068±30 Mev. This value must be 
equal to the initial energy just calculated, if no other 
particles are involved in the collision, and one indeed 
finds agreement. Therefore the A 0 and tf° could have 
been produced in a -w~—p collision, the ir~~ previously 
having been scattered upward by 24°, with the required 
energy. Such repeated interactions could take place in 
a heavy nucleus. For this interpretation the almost 
colinear flight of the A 0 and 9" would mean that in the 
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Track 



Event a 



2a 



9 

10 



Sign of charge 

Measured momenta (Mev/c) 

Estimated ionization density 

Mass limit (Mev) 

Assumed particle 

Angle between tracks (degrees) 

Q values calculated from above data (Mev) 

Momenta for (2a) and (lb) calculated from direction of 

line of flight,, assuming lowest momenta for (la) and 

(2 b) (Mev/e) 
Q valuta recalculated (Mev) 
Momentum of unstable particle (Mev/e) 



+ 

272 ±8 205±4O 

>5Xmin <l.,5Xrftin 

>780 <170 


+ 
451 ±70 391 ±15 
<1.5Xmin <].5Xmin 
<3S0 <330 


proton pion 
3!.!±1 
54±20 


pion pion 

70±1 

27] ±30 


264 1S9±20 
49±10 
137 


441±15 376 
266±20 
673 



center-of-mass system (c.m.s.) of it~ and nucleon the A° 
went almost straight backward. The same will be found 
for the next example to be discussed. From the observed 
momenta and angles a r~ of the beam colliding with a 
nucleon could not have produced the A 0 and i}° traveling 
in the observed direction, with simultaneous production 
of some other particle going downward to balance 
transverse momenta. 

CASE D : A" AND «° PRODUCED IK n~-p COLLISION 

Figure 2 (case D) shows a photograph of a ti~ track 
(marked it - ) disappearing abruptly in the hydrogen, 
and two nearby V events of which (a) is considered to 
be a A" and (b) a t9°. Data which lead to this identi- 
fication are given in Table IL The measured momentum 
of the incident particle (row 2) agrees well with the 
momentum of 1630 Mev/V for a 1.5-Bev it. The other 
momenta are not well determined, mostly because the 
tracks are of short length. The longest track (2b), 
furthermore, seems to show a slight deflection, perhaps 
due to scattering or to ir— is. decay, which makes its 
momentum also unreliable. The given mass limits 
(row 4), however, seem to justify the assumed choices 
for the individual particles (row 5). In particular, since 
in a collision in hydrogen only one proton was present 
and since this proton is probably found in la, 2b could 
hardly be another proton in spite of the rather high 
upper mass limit. 

The decay planes of both particles contain the end 
point of the incident track. The directions of flight of A 0 
and !?° and incident ir~ appear coplanar, though this is 
not accurately determined because of the small angle 
between ir~ and d" (b). Therefore no additional neutral 
particle has to be assumed, although calculation shows 
that kineroatically this would be possible. One is there- 
fore justified in assuming the same reaction as in case C 
(r~+p— >A"-(- 1) 0 ) . All pertinent angles are given in rows 
6 and 7, From these angles and the momentum of the 
incident t~ one can calculate the momenta of the decay 
products directly. The results (row 9) agree with the 
measured values (row 2) within the errors. With the 
momenta from row 9, Q values have been calculated 
(row 10), Two experimental errors are given separately 



with each Q value. The fifst was determined from the 
probable variation of Q with the possible variations of 
all of the angles (rows u and 7) used for the computa- 
tion. The second error was found from the variation of 
Q with a possible uncertainty of ±100 Mev/c for the 
momentum of the incident f - . One sees that within the 
errors both Q's may agree with the usual values of 37 
and 214 Mev, respectively, although the Q for the tf° 
is again rather high and agrees with the value found for 
case C. It should be pointed out that the error for the Q 
for the A 0 depends most strongly on the measurement 





Fig. 2. Case D. Photograph of a 1.5-Bev t~ producing two 
neutral V particles id a collision with a proton. Tracks la and 2a, 
believed to be proton and *-~, respectively, are the decay products 
of a A 0 . A t? fl is probably seen to decay into *- + (lb) and jt~ (2b). 
Because of the rather "foggy" quality of this picture tracks lb, 
2a, and 2b have been retouched for better reproduction. 
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Incident track 



Kvent a 



Event h 
lb 2b 



1 Sign of charge — 

2 Measured momenta (Mcv/c) 1620±ln0 

3 Estimated ionization density <1.5Xmin 

4 Mass limit (Mev) 

5 Assumed particle pion 

6 Angle between incident ir" and direction 

of flight (degrees) 

7 Angle between direction of flight ant! 

decay products (degrees) 

8 Momentum of (a) and (b) calculated 

from incident momentum and angles 

(Mev/c) 1630 

9 Momenta of decay products from mo- 

menta of (a) and (b) and angles 
(Mev/i) 
10 Q values calculated from rows 7 and 9 



210" 1 



+ 2i0 , 40 +300 

u -70 JW -60 

>5Xmin <1.5Xmm 
>400 <370 

proton pion 

11.1*1 

8.8±1 11.3±J.S 

382 



160 125 

27±11±3 



"° -70 

<1.5Xmin <L5Xmin 
<3S0 <S70 

pion pion 

2.3±0.5 

29J±2 11.0±2 



1357 



400 1027 

258±35±21 



of the sir all angle (2.3°) between incident ir" and t!° (b). 
Modifying this angle to make Q^« equal to 37 Mev 
would reduce Qui, which depends on this angle less 
strongly, to a value of 244 Mev. 

From the momenta (row 8) of the A" and t?" and 
their masses of 1097±12 and 538±40 Mev, respec- 
tively, one calculates that the kinetic energy of the 
incident v~ must have been l.S2±0.04 Bev which is 
quite consistent with the 1.5-Bev beam energy. 

CASE E : POSSIBLE A- AND K* PRODUCED 
IN 1t~-p COLLISION 

Figure 3 (case E) shows a photograph of what on 
first sight appears to be a ir* scattered forward by a 
proton with a subsequent decay of the it~. Closer in- 
spection shows that the momentum of the decay product 




Fig. 3. Case E. Photograph of a w~ — p collision event possibly 
resulting in a A - (a) with a ir~ (la) as a decay product and a K+ 
whose decay is not seen. 



(la) and its angle with respect to the track of the 
decaying particle (a) are much too large for a it— u or 
!i— fi decay. Therefore (a) must have been a heavy 
unstable particle. 

As far as can be ascertained from the "scattering" 
event, particle (a) might have been produced at the 
Cosmotron target or at the cloud chamber wall, and 
scattered by a proton in the cloud chamber. Certainly 
the rate of production of heavy mesons would have to 
be large (""10 percent of that for pions) and their 
decay lifetime long (~10~* sec) for the beam to contain 
an appreciable contamination of heavy mesons. No 
beam particles have shown a decay resembling that of 
(a). If (a) were produced in the target, it would be 
quite remarkable that it lives until it reaches the cloud 
chamber, is scattered, and then decays within the 
chamber. Such an origin is possible but seems unlikely. 
If (a) were a particle produced in the wall and scattered 
in the chamber, it would be remarkable that the incident 
track has both direction and momentum characteristic 
of beam tracks. For these reasons we assume that the 
incident particle is a beam ir" producing a charged 
unstable particle in a collision with a proton. 

Data are given in Table III. Since the tracks are 
short and the momenta are high, the latter are not well 
determined. We therefore assume that the incident 
particle had the beam energy of 1.5 Bev, and compute 
the momenta of (a) and (b) by assuming that no addi- 
tional neutral particle was produced. This assumption 
is very probably justified because (a), (b), and incident 
track are coplanar. One finds the momentum values 
given in row 8. If the mass of (a) is given, that of (b) 
is determined so that their total energies equal that of 
the incident x~. In Table IV a number of such con- 
sistent values are given. The errors on the mass values 
of (b) include the uncertainties given for the angle 
measurements as well as an improbably large uncer- 
tainty of ±300 Mev for the energy of the incident ir~. 
To obtain a mass of 930 Mev (proton) for (b) does not 
seem to be possible unless (a) is a pion, without making 
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Incident track 



Track a 



1 Sign of charge 

2 Measured momenta (Mev/c) 

3 Estimated ionization density 

4 Mass limit (Mev) 

5 Assumed particle 

6 Angle between incident track and collision products 

(degrees) 

7 Angle between (a) and its decay product (degrees) 

8 Momenta from incident momentum and angles (Mev/c) 



1800±60O 
<1.5Xmin 


1400±400 

<1.5Xmin 

<1500 


>120» 
<1.5Xmin 


+ 
3 to 6Xmin 


pion 




pion 




1630 


8±1 
1604 


36±1 


79±3 
227 



"Track la is slightly distorted. Therefore only a lower limit can be given. 



quite unreasonable assumptions for the uncertainties of 
the measured angles and of the incident momentum. 8 
In the cosmic radiation A + particles have been found 8 
with Q values of about 130 Mev, leading to a mass of 
1200 Mev. Row 5 of Table IV shows that such a mass 
for (a) would lead to a mass for (b). which is quite con- 
sistent with that usually found for K particles. Case E 
can therefore be interpreted as the charged counterpart 
of case C and case D in which A" and K" were pro- 
duced. For this interpretation the present photograph 
is an example of the reaction ir~+p— >A _ +iC + . 

A calculation has been performed to investigate 
whether a neutrino (c) or ir° could have been produced 
in addition, which might then change the above con- 
clusions. One finds that only the combinations 
[A - , A* 4 ", ir°] or [A - , K + , v] are possible (though un- 
likely because of the observed coplanarity) while the 
combinations [A+, K~, jr°], [A+, K~, x], \J>, K~, ir°~J, or 
\_p, K~, v~\ are kinematically not possible. 

From the mass of (b) of 520 Mev and its momentum 
of 227 Mev/c one finds that (b) should show an ioniza- 
tion density of ~4Xmin which agrees with the esti- 
mated ionization density given in row 3. 

Assuming a decay of A - — m+T~, the calculated 
momentum for la of 1604 Mev/c and measured 
momentum for (b) of ^120 Mev/c lead to a Q value 
is 50 Mev. Track la may be somewhat distorted so 
that these figures probably represent lower limits only. 
If much of the apparent curvature of la is due to dis- 
tortion, the Q value may be as high as 130 Mev, corre- 
sponding to a momentum of 440 Mev/c for la, as has 
been assumed in the previous discussion. 



8 For the present discussion it is of particular importance to 
exclude the possibility that the mass of (b), Mb, could be that of a 
proton (930 Mev) for the assumption that (a) is a K~ of mass 
500 Mev. One finds that aMb/dpo=8.1 Mev/(100 Mev/c), where 
po is the momentum of the incident x~ (so far assumed to be the 
beam momentum of 1630 Mev/c). Furthermore dMb/da a = 
— 11.3 Mev/degree and dMb/dai>= — 3.7 Mev/degree, where a a 
and ab are the angles recorded in Table III, row 6, for (a) and (b), 
respectively. It is very hard to conceive how x~ of momenta 
> 1700 Bev/c could be contained in the beam. With this upper 
limit and the uncertainties for a a and a& given in Table IV one 
sees that Mb ^890 Mev if all uncertainties are assumed to act 
together in a direction to increase Mb- Only by decreasing a a by 3° 
and ab by 9°, for example, could one obtain a value for Mb of 930 
Mev. The values for M a and Mb noted in rows 2 and 3 of Table IV 
are then not possible without destroying a nucleon. 



CASE F : EXAMPLE OF A A" 

The photograph shown in Fig. 4 (case F) shows 
another V event which may be interpreted as a A~. The 
picture shows a negative particle (a) of momentum 
1190±170 Mev/c and of estimated ionization density 
^ 1.5Xmin, apparently produced in the wall of the 
chamber. The angle between (a) and the beam direction 
is 8°. Particle (a) decays into a negative particle (la) 
of momentum 83±3 Mev/c and estimated ionization 
density 2 to 3 X minimum. 9 The mass of the decay 
product thus lies between 110 and 150 Mev, identifying 
it as a ir~. The angle between (a) and la is 76°. If one 
additional neutral decay product is assumed one cal- 
culates Q values and mass values for (a) as given in 
Table V. One sees that only the assumption of a 
neutron (row 1) leads to Q and mass values compatible 
with those found in cosmic radiation. Particle (a) can 
also not be identified as a t~— >2tt°+t~+ 70 Mev because 
la alone would have an energy of 230 Mev in the rest 
system of the t~. The assumption in row 4 (A' - — >n~-{-2v) 
is unlikely because the decay product is most probably 

Table IV. Consistent masses for particle (a) and particle (b) 
of case E. 



lass of (a) 
(Mev) Particle (b) 



Mass of (b) 
(Mev) 



1 


X 


140 


proton 


934±6 


?. 


K~ 


500 


? 


860=k20 


3 


? 


760 


? 


760±30 


4 


A-(0=37 Mev) 


1107 


K + 


570±50 


5 


A-(Q=130Mev) 


1200 


K+ 


520±50 



Table V. Q values and masses for case F, assuming different 
masses for the neutral decay product. 



Mass of 
Charged Neutral neutral 

decay decay decay prod. Q for (a) Mass of (a) 

product product (Mev) (Mev) (Mev) 



1 w~ 

2 x- 

3 x- 

4 »~ 



930 



130 



x° 
2, 



< + ll 



140 430 ±70 

500 230±35 

0 >520±80 



1200 

710 

870 

>620 



9 For the assumption of a A° traveling backwards the momentum 
of (a) is much too high. 
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Fig, 4. Case F. Photograph of a negative unstable particle (a) hest interpreted as a A~, The decay product (la) is identified as a 

it" from momentum and ionization density. ' 



identified as a ir~. We therefore are left with the con- 
clusion that the present photograph shows the decay 
of a A--™+t-+<2, where Q= 130-i S +si Mev. The 
errors on the latter are due to the uncertainty of the 
measured momentum of (a). 

It has been pointed out 10 that if the hypothesis of 
charge independence applies to A + ~-°, then the A~ 
must have isotopic spin z component (—3/2) with 
isotopic spin 3/2, in which case a doubly-charged A" 1-1 " 
should also exist. No A ++ decays have been reported to 
date, but the number of observed A~ and A + is so small 
that no significant discrepancy exists, A track which 
might be interpreted as a A" 1-1 " has been reported by 
Ascoli. 11 

LIFETIMES, CROSS SECTION, AND ANGULAR 
RELATIONSHIPS 

The role played by chance in apparent lifetimes, cross 
sections, and angular relationships deduced from a small 
number of cases is very large. Nevertheless the few 
available observations will be compiled in the following 
paragraphs. 

Table VI shows the lifetimes. All values are con- 
sistent with mean lifetimes of 10 -10 to 3X1Q -10 sec cited 
in the literature.''- 4 

Table VI. Observed lifetimes of all particles in units of 
10-" sec. 



Panicle 


A 


B 


c 


D 


E F 


A' 


0.4 


0.3 


n 


9 




A~ 










2 3 


*• 






2 


0.1 




S* 


>4' 


>3* 








K+ 










>0.7 


•Not !,:k 


inc. into account that decay may rcault in Iwo 


neutral particLca 


and LhLia he 


invisible. 











For a mean lifetime of 3X10 -10 sec for the A 0 and 
1.5X lQ~'°for the t?°, the given cloud-chamber geometry, 
a ir _ -beam energy of 1.5 Bev, and isotropic angular 
distributions (in the c.m.s.) of A and K particles one 
can estimate that 60 percent of the A and SO percent of 
of the K should be seen to decay inside the chamber. 
One can conclude that for 80 percent of all occurring 
cases one should see at least one of the two particles 
decay and for 20 percent of all cases one should see both 
decaying. (For shorter lifetimes or angular distributions 
peaked forwards or backwards the probabilities are 
even larger.) Therefore the 4 cases of unstable particle 
production in hydrogen (A, B, D, E) observed here 
may correspond to 5±3 cases that actually happened. 15 
This number can he compared with the other 170 ir~ - p 
interactions observed, including events with two and 
four outgoing prongs. Ma king use of Fermi's statistical 
theory of meson production 15 and of the isotopic spin 
formalism, Fermi 11 has calculated the probabilities for 
the different combinations. One finds that combinations 
resulting in no outgoing prongs are expected to occur in 
only 12 percent of all interactions. Therefore our 170 
observed cases may correspond to 190 actual interac- 
tions. The total interaction cross section has been found 
to be 34±3 millibarns." Therefore the cross section for 
heavy unstable particle production by l.S-Bev w~ in 
hydrogen is '-^1 milHbarn. 

Table VII gives the angles between the decay planes 
of the particles and their production planes (the plane 
formed by the incident track and the line of flight of the 
unstable particle.) The absence of large angles for the 
A particles is surprising and might be taken as an indi- 
cation for a large spin for these particles. In fact the 



" D. C. Peaslee, Phys. Rev. 86, 127 (1952). 
11 G. Ascoli, Phys. Rev, 90, 1079 (1953). 



u Decays of A 0 and <7° into neutral particles cannot be observed 
in this experiment and are not taken into account here, 
"E. Fermi, Progr. Theoret, Phys, (Japan) S, 370 (1930), 
11 E. Fermi (private communication). 
" Cool, Madansky, and Pfccioni, Phys. Rev. 93, 637 (19S4). 
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separation between the decay and production planes 
seems smaller than would be expected unless the spin 
is taken to be unreasonably large. 

Table VIII shows the angles between incident jt~ 
and direction of emission of A 0 in the c.m.s. Again the 
result is surprising because of the absence of angles 
near 90° for which the solid angle is largest. The solid 
angle between 170° and 180° amounts to only 1.5 
percent of the hemisphere, yet both C and D fall into 
this region. This may indicate that large angular mo- 
mentum states are involved in the production of these 
particles, which might be consistent with the possibility 

Table VII. Angles between decay plane and production plane. 



Particle A 


B 


c 


D 


E 


A° 5°±5° 
A~ 


30°±20° 


18°±7° 
<50°±6° 


27°±10° 
70°±5° 


7°±5° 



of a large spin of the A 0 . Since X 0 =2X10~ 14 cm in the 
c.m.s. for a t~ of 1.5-Bev laboratory energy, angular 
momentum states up to L— 6 may be possible. 

SUMMARY 

These examples of the production of heavy unstable 
particles in ir~—p collisions have been shown to be 
consistent with a double production process, 

T-+p-+A+K, 

occurring with a cross section of about 1 millibarn for 



Table VIII. Angle between incident ir and direction of 
emission of A°-~ in c.m.s. 


Particle 


A B C D E 


A° 
A~ 


141° 125° 177° 174° 

30° 



1.5-Bev w~. Further work is required to determine 
whether production is always double in these and 
nucleon-nucleon collisions. 

In four cases the A is a A 0 , and in two of these the K" 
is observed to decay and can be considered to be a t? 0 , 
although the Q values of about 260 Mev are not quite 
consistent with the cosmic-ray value of 214 Mev. One 
case is interpreted as a A^, and an additional charged 
decay originating outside the chamber is thought to be 
a A - with Q value of 130 Mev. 

The data suggest an angular correlation between 
A-decay planes and production planes, which may mean 
that A particles have large spin, and a preferred back- 
ward (or forward) emission in the c.m.s., which may 
mean that A particles are produced in states of high 
angular momentum. Many more data are needed to 
determine such angular relationships. 

We wish to express our thanks to the many members 
of the Cosmotron Department whose efforts have 
created the opportunity for this work and whose 
cooperation is enabling us to pursue it. Our thanks are 
also due to the other members of the cloud-chamber 
group without whose support this work could not be 
continued. 
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TO facilitate the search for .ST-mesons from the 
Bevatron, two of us (L.T.K. and D.H.S.) have 
suggested the use of a strong-focusing spectrometer 
(Fig. I), 1 consisting of a magnetic quadrupole focusing 
lens 2 followed by an analyzing magnet. Particles of 
any desired momentum can be brought to a focus, 
forming an image of the target at a point behind the 
analyzing magnet. Emulsion stacks are placed at this 
point. With this arrangement we have found examples 
of four types of heavy mesons first established in 
cosmic-ray work. 3 Particles of different mass can be 
separated according to their ranges in emulsion. For 
particles of momentum 360 Mev/c, the range of K's is 
4.6 times the range of the protons, and pions pass 
through the emulsion stack at minimum ionization. 

A stack of 107 Ilford G.S600-M pellicles, 4 3.5 in. by 
3.5 in., has been exposed so that 114-Mev iT-particles 
stopped in the center of the stack. The proper time of 
flight for such particles from the target to the emulsion 
is about 10~ 8 sec. 

This stack has been scanned in a swath across the 
direction of the meson flux for tracks lying in the 
plane of the emulsion whose ionization is visibly greater 
than minimum. Particles stopping in the stack (beyond 



the position of the swath) have masses less than 1200 
m,,. Particles that go all the way through the stack 
have masses less than 800 m„. 

The tracks are followed until they stop and the 
endings are examined for decays. To date 300 decays 
have been observed. Twenty of these are tt + mesons 
whose unique decay into three charged pions is readily 
identifiable. Among the others, all of which decay into 
one lightly ionizing secondary, only those with a 
secondary that is flat or with an ionization obviously 
higher than minimum have been categorized. Three 
examples have been found of what is assumed to be the 
alternate decay of the tt into one charged and two 
neutral pions, with the pion stopping in the emulsion 
stack. Two events decay into low-energy muons (less 
than 55 Mev) and are presumably examples of the k 

or ir„ 3 . 

To establish the existence of the if»2(fr l ",x + ) or 0I 
the K„2 mesons, either very large emulsions are needed 
to stop the long-range secondary or else very accurate 
measurements of the multiple scattering and the 
ionization must be made. Measurements on four 
fortuitously flat secondaries at a distance of 5 cm from 
the decay point revealed that three of the primaries 
were K^'s and one presumably a K^, as determined 
by the tentative identification of the secondary as a 
high-energy muon. Excellent calibration on grain count 
is available from the tt mesons of known energy travers- 
ing the same region of the emulsions. From the number 
of it-mesons found here compared to the number 
found at about 25 cm from the target, 6 it is unlikely 
that the mean life of any of the K's seen is less than 
3X10" 9 sec. 

In the initial exposure, the momentum resolution as 
determined from the proton ranges allows a mass 
determination to ±40 m„ on each X-meson. With a 
few exceptions, all particles with lightly ionizing 
secondaries fall within a distribution of this width 
centered about 20 m, below the average for r mesons 
plotted separately (Fig. 2). In a subsequent exposure 
the momentum resolution has been improved. The 
scattered points on the high-mass side of the main 
distribution may be due to particles that suffered 
inelastic collisions, or scattered off the channel. A 




Fig. 1. Strong-focusing spectrometer. 
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Fig. 2. Mass distributions: Upper histogram represents r 
mesons. Crossed squares refer to r's found nonsystematically. 
Lower histogram is made up of particles decaying into a single 
lightly ionizing secondary. 



comparison of the measured t meson mass of (974±6) 
«*« with the accepted value 3 of 966 m e indicates a 
possible systematic error. 

This work, was done with the encouragement and 
guidance of Professor Chaim Richman. Most of the 
scanning was performed by Mrs. Beverly Baldridge, 
Miss Irene d'Arche, Mrs. Marilynn Harbert, Mrs. 
Edith Goodwin, and Miss Kathryn Palmer. 

It is with pleasure that we acknowledge the help 
and advice in nuclear emulsion techniques given us by 
Professor Powell's group at Bristol. The assistance of 
the Bevatron crew, under the direction of Dr. Edward 
J. Lofgren, and their skillful operation of the machine 
are greatly appreciated. 
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Antibaryons 



The discovery of the antiproton and other antimatter, 1955-1959. 

While the existence of antiparticles was established with Anderson's discovery of the 
positron in 1932, it was not clear in 1955 whether the pattern of each fermion having an 
antiparticle, suggested by the Dirac equation, would hold for baryons, the heavy particles 
p, «, A, E, and S. There were two arguments raising doubts about such particles. One was 
that nucleons had an anomalous magnetic moment that differed markedly from the Dirac 
moment. Measurements by Otto Stern in 1933, later improved by I. I. Rabi, had shown 
that the proton had a magnetic moment of 2.79 nuclear magnetons. [One nuclear magneton 
is eh/(2M p c), where M p is the nucleon mass.] The neutron's magnetic moment, which 
would be zero if the neutron were an ordinary Dirac particle, was measured by L. Alvarez 
and F. Bloch in 1940 to have a value of —1.91 nuclear magnetons. The second reason 
was based on a cosmological argument. Where were the antigalaxies one expected if the 
Universe had baryon-antibaryon symmetry? 

One of the motivations for the choice of the energy for the Bevatron was the hope that 
the antiproton could be found. The momentum chosen, 6.5 GeV/c, was above threshold for 
antiproton production on free protons, p + p — ► p + p + p + ~p, to occur. In 1955, one 
year after the Bevatron became operational, there were a number of different plans to look 
for the antiproton, including two within the Segre group at Berkeley, an experiment using 
electronic counters and a photographic emulsion experiment. 

The detection of the antiproton was first achieved in 1955 by O. Chamberlain, E. Segre, 
C. Wiegand, and T Ypsilantis (Ref. 4.1). The primary obstacle to overcome was the back- 
ground from the much more copiously produced ;r ~ whose charge was the same as that of 
the antiproton. To separate the antiprotons, Chamberlain et al. measured both the momen- 
tum and velocity of the negative particles. 

The beam from the Bevatron impinged on a copper target. Negative particles produced 
with a momentum near 1.19 GeV/c were focused by a quadrupole magnet on a first set of 
scintillators, which emitted light when charged particles passed through them. A second 
quadrupole focused the beam on a second set of scintillators 40 feet farther down the line. 
An antiproton with momentum 1.19 GeV/c and a velocity v — 0.78 c required 51 ns for 
the flight, while a tt~ of this momentum needed only 40 ns. 

80 



4. Antibaryons 8 1 

Additional verification was provided by using Cherenkov counters. Cherenkov counters 
detect the light emitted by charged particles passing through a medium when the velocity 
of the particle is greater than the velocity of light in the medium. Since that velocity is the 
usual velocity of light divided by the index of refraction, it is possible to fill the detector 
with a gas, possibly under pressure, so that the detector will respond only to particles with 
velocities exceeding some minimum value. To demonstrate the presence of antiprotons, 
one Cherenkov counter was set to count pions and was used in anticoincidence for the 
protonic-mass particles, that is, if the particle was determined to be a pion, it was rejected. 
A second one was a specially designed differential counter that only responded to particles 
in a narrow velocity band corresponding to the protonic mass. This counter was used in 
coincidence for the acceptance of the ~p candidates. 

Some 60 antiproton candidates had been observed by October 1955. Calibrating the 
apparatus with ordinary protons allowed a determination of the mass of the negative par- 
ticle and it was found to be the same as the proton's to within 5%. This was strong cir- 
cumstantial evidence that this was the antiproton and not some other long-lived, negative 
particle. Still, the fundamental property of the antiproton, its ability to annihilate with a 
proton or neutron to produce a final state with no baryons in it, had not been confirmed. 

The Bevatron's high energy proton beam provided the opportunity to look for antipro- 
tons in other ways. With emulsions it is possible, in principle, to measure the large energy 
released when an antiproton annihilates with a proton or neutron, providing direct evidence 
for the antiparticle character of the annihilating particle. 

While the experiment of Chamberlain et al. was being set up, an emulsion stack was 
exposed at the location of the first scintillator in a collaborative experiment between a 
Berkeley group under G. Goldhaber and E. Segre and a Rome group under E. Amaldi. This 
exposure required a 132 g cm -2 copper absorber to slow the antiprotons so they would 
stop in the emulsion. After laborious scanning, both in Berkeley and in Rome, one stopping 
negative particle of protonic mass was observed by the Rome group (Ref. 4.2). The energy 
release observed was 850 MeV. (See Figure 4. 1 .) 

In another effort to confirm the antiparticle nature of the new negative particles, Brabant 
et al. placed a lead glass Cherenkov counter at the end of the antiproton beam of the 
Chamberlain-Segre team in order to look for evidence of annihilation (Ref. 4.3). While 
sizeable energy releases were observed, none was greater than the rest mass of the proton. 

In December 1955, a second emulsion exposure was carried out at the Bevatron, this 
time with the momentum selected to be 700 MeV/c. This value was chosen so that the 
antiprotons entered the emulsion with tracks giving twice minimum ionization, making 
them readily distinguishable from the more numerous minimum ionizing pion tracks. This 
procedure turned out to be most effective. The first track of protonic mass that was followed 
through the emulsion stack until it came to rest released 1350 ± 50 MeV (Ref. 4.4). This 
was unequivocal evidence for an antiproton-nucleon annihilation. The complete analysis 
turned up 35 antiproton annihilations, more than half of which had energy releases greater 
than the mass of the proton (Ref. 4.5). 

The team consisting of Cork, Lambertson, Piccioni, and Wenzel in another experiment 
at the Bevatron established the existence of the antineutron (Ref. 4.6) by observing the 
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Figure 4.1. The first antiproton star observed in an emulsion. The incident antiproton is track L. The 
light tracks a and b are pions. Track c is a proton. The remaining tracks are protons or alpha particles. 
The exposure was made at the Bevatron. (Ref. 4.2) 
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Figure 4.2. An antiproton enters the bubble chamber from the top. Its track disappears at the arrow 
as it charge exchanges, pp — > nn. The antineutron produces the star seen in the lower portion of the 
picture. The energy released in the star was greater than 1500 MeV. (Ref. 4.7) 



charge-exchange process, ~pp — > nn. This experiment used a highly efficient antiproton 
beam constructed with the aid of magnets using the principle of strong-focusing, which 
will be described in Chapter 6. 
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The antiproton beam was directed on a cube of liquid scintillator in which the charge- 
exchange process occurred. The produced antineutron continued forward into a lead glass 
Cherenkov counter that detected the annihilation of the antineutron. To demonstrate that 
antineutrons, not antiprotons, were responsible for the annihilation, counters were placed 
in front of the Cherenkov counter and events with charged particles were rejected. The 
liquid scintillator was also monitored to make sure that the reaction that took place there 
was indeed charge exchange rather than annihilation into mesons of the incident antiproton. 

The final annihilations occurring in the Cherenkov counter were compared with those 
produced directly by antiprotons. Their similarity established that antineutrons had been 
observed. 

The bubble chamber contributed as well to the discovery of antibaryons. An experiment 
by W. Powell and E. Segre et al. using the Berkeley 30-inch propane bubble chamber 
at the Bevatron found a clear antiproton charge-exchange event showing an antineutron 
annihilation star. This event is reproduced in Figure 4.2. The anti-lambda (A) was first 
seen in emulsions by D. Prowse and M. Baldo-Ceolin (Ref. 4.8). A classic picture of AA 
production observed in an antiproton exposure of the 72-inch hydrogen bubble chamber at 
the Bevatron is shown in Figure 4.3. The next few years witnessed the discoveries of the 
£ (Refs. 4.10, 4.1 1), the S (Ref. 4.12), and even the Q (Ref. 4.13). (The discovery of the 
Q~ itself is discussed in Chapter 5.) Ultimately, all the stable baryons were shown to have 
antiparticles. 
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Figure 4.3. Production of a AA pair by an incident antiproton. The antiproton enters the chamber 
at the bottom and annihilates with a proton. The A and A decay nearby. The antiproton from the 
antilambda annihilates on the left-hand side of the picture and gives rise to a 4 prong star. The picture 
is from the 72-inch bubble chamber at the Bevatron. (Ref. 4.9) 
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Exercises 



4. 1 Show that a Fermi energy of 25 MeV lowers the threshold incident kinetic energy for 
antiproton production by a proton incident on a nucleus to 4.3 GeV. 

4.2 Derive the half-angle of the cone into which Cherenkov radiation is projected in terms 
of the velocity of the radiating particle and the index of refraction of the medium. 

4.3 Design a differential Cherenkov counter that can separate n ~ and ~p as in Ref. 4. 1 . See 
the reference quoted therein. 

4.4 Suppose positive and negative kaon beams are available for an exposure of a hydrogen 
bubble chamber. For which beam is the threshold lowest for the production of £ , £ , 
E , S , E , and £2 ? Give the reaction that has the lowest threshold and the incident 
momentum at threshold. 

4.5 How was the magnetic moment of the neutron measured by L. Alvarez and F. Bloch 
[Phys. Rev. 57, 111 (1940)]? 
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Observation of Antiprotons* 

Owen Chamberlain, Emilio Segr^, Clyde Wiegand, 
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ONE of the striking features of Dirac's theory of the 
electron was the appearance of solutions to his 
equations which required the existence of an anti- 
particle, later identified as the positron. 

The extension of the Dirac theory to the proton 
requires the existence of an antiproton, a particle which 
bears to the proton the same relationship as the posi- 
tron to the electron. However, until experimental proof 
of the existence of the antiproton was obtained, it 
might be questioned whether a proton is a Dirac par- 
ticle in the same sense as is the electron. For instance, 
the anomalous magnetic moment of the proton indi- 
cates that the simple Dirac equation does not give a 
complete description of the proton. 

The experimental demonstration of the existence of 
antiprotons was thus one of the objects considered in 
the planning of the Bevatron. The minimum laboratory 
kinetic energy for the formation of an antiproton in a 
nucleon-nucleon collision is 5.6 Bev. If the target 
nucleon is in a nucleus and has some momentum, the 

Table I. Characteristics of components of the apparatus. 



51, 52 Plastic scintillator counters 2.25 in. diameter by 0.62 in. thick. 
C\ Cerenkov counter of fluorochemical 0-75. (CsFisO) ; hd =1.276 ; 

p=1.76 g cm -3 . Diameter 3 in.; thickness 2 in. 
CI Cerenkov counter of fused quartz: iw =1.458; p=2.2 g cm -8 . 

Diameter 2.38 in.; length 2.5 in. 
01. Q2 Quadrupole focusing magnets: Focal length 11° in.; aperture 

4 in. 
Ml , Ml Deflecting magnets 60 in. long. Aperture 12 in. by 4 in. B~13 700 

gauss. 



threshold is lowered. Assuming a Fermi energy of 25 
Mev, one may calculate that the threshold for forma- 
tion of a proton-antiproton pair is approximately 4.3 
Bev. Another, two-step process that has been con- 
sidered by Feldman 1 has an even lower threshold. 

There have been several experimental events 2-1 re- 
corded in cosmic-ray investigations which might be 
due to antiprotons, although no sure conclusion can 
be drawn from them at present. 

With this background of information we have per- 
formed an experiment directed to the production and 
detection of the antiproton. It is based upon the deter- 
mination of the mass of negative particles originating 
at the Bevatron target. This determination depends on 
the simultaneous measurement of their momentum and 
velocity. Since the antiprotons must be selected from 
a heavy background of pions it has been necessary to 
measure the velocity by more than one method. To 
date, sixty antiprotons have been detected. 



Figure 1 shows a schematic diagram of the apparatus. 
The Bevatron proton beam impinges on a copper target 
and negative particles scattered in the forward direction 
with momentum 1.19 Bev/c describe an orbit as shown 
in the figure. These particles are deflected 21° by the 
field of the Bevatron, and an additional 32° by magnet 
Ml. With the aid of the quadrupole focusing magnet 
Q\ (consisting of 3 consecutive quadrupole magnets) 
these particles are brought to a focus at counter 51, the 
first scintillation counter. After passing through counter 
51, the particles are again focused (by Q2), and de- 
flected (by M2) through an additional angle of 34°, 
so that they are again brought to a focus at counter 52. 



1 BEVATRON 
BEAM 




Fig. 1. Diagram of experimental arrangement. 
For details see Table I. 



The particles focused at 52 all have the same momen- 
tum within 2 percent. 

Counters 51, 52, and 53 are ordinary scintillation 
counters. Counters CI and C2 are Cerenkov counters. 
Proton-mass particles of momentum 1.19 Bev/c inci- 
dent on counter 52 have n/c=/3=0.78. Ionization 
energy loss in traversing counters 52, CI, and C2 
reduces the average velocity of such particles to 
/3=0.765. Counter CI detects all charged particles for 
which |8>0.79. C2 is a Cerenkov counter of special 
design that counts only particles in a narrow velocity 
interval, 0.75<^<0.78. This counter will be described 
in a separate publication. In principle, it is similar to 
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some of the counters described by Marshall.* The re- 
quirement that a particle be counted in this counter 
represents one oi the determinations of velocity of the 
particle. 

The velocity of the particles counted has also been 
determined by another method, namely by observing 
the time of flight between counters 51 and 52, sepa- 
rated by 40 ft. On the basis of time-of-flight measure- 
ment the separation of -r mesons from proton-mass 
particles is quite feasible. Mesons of momentum 1.19 
Bev/c have ,8=0.99, while for proton-mass particles of 
the same momentum (3=0.78. Their respective flight 
times over the 40-ft distance between 51 and 52 are 
40 and 51 millimicroseconds. 




Fig, 2. Oscilloscope traces showing from left to right pulses 
from 51, 52, and Ci. (a) meson, (b) antiproton, (c) accidental 
event. 



The beam that traverses the apparatus consists over- 
whelmingly of 7t~ mesons. One of the main difficulties 
of the experiment has been the selection of a very few 
antiprotons from the huge pion background. This has 
been accomplished by requiring counters 51, 52, C2, 
and S3 to count ^coincidence. Coincidence counts in 
51 and 52 indicate that a particle of momentum 1.19 
Bev/c has traversed the system with a flight time of 
approximately 51 millimicroseconds. The further re- 
quirement of a coincidence in C2 establishes that the 
particle had a velocity in the interval 0,75<j?<0.78. 
The latter requirement of a count in C2 represents a 
measure of the velocity of the particle which is essen- 
tially independent of the cruder electronic time-of-flight 
measurement. Finally, a coincident count in counter 
S3 was required in order to insure that the particle 
traversed the quartz radiator in C2 along the axis and 
suffered no large-angle scattering. 

As outlined thus far, the apparatus has some short- 
comings in the determination of velocity. In the first 
place, accidental coincidences of 51 and 52 cause some 
mesons to count, even though a single meson would be 
completely excluded because its flight time would be too 
short. Secondly, the Cerenkov counter C2 could be 
actuated by a meson (for which 0=0.99) if the meson 
suffered a nuclear scattering In the radiator of the 
counter. About 3 percent of the mesons, which ideally 
should not be detected in C2, are counted in this 



manner. Both of these deficiencies have been eliminated 
by the insertion of the guard counter CI, which records 
all particles of j3>0.79. A pulse from Cl indicates a 
particle (meson) moving too fast to be an antiproton 
of the selected momentum and indicates that this event 
should be rejected. In Table I, the characteristics of 
the components of the apparatus are summarized. 

The pulses from counters 51, 52, and CI were dis- 
played on an oscilloscope trace and photographically 
recorded. From the separation of pulses from 51 and 
52 the flight time of the particle could be measured 
with an accuracy of 1 millimicrosecond, and the pulse 
in the guard counter CI could be measured. Figure 2 
shows three oscilloscope traces, with the pulses from 
51, 52, and CI appearing in that order. The first trace 
(a) shows the pulses due to a meson passing through 
the system. It was recorded while the electronic circuits 
were adjusted for meson time of flight for calibration 
purposes. The second trace, Fig. 2(b), shows the pulses 
resulting from an antiproton. The separation of pulses 
from 51 and 52 indicates the correct antiproton time of 



n 



Jl 



in_ 




m p sec 

FiG. 3. (a) Histogram of meson flight times used for calibration, 
(b) Histogram of antiproton flight times, (c) Apparent flight 
times of a representative group of accidental coincidences. Times 
of flight are in units of wH sec. The ordinatcs show the number 
of events in eacb lG"" w -sec intervals. 



flight, and the absence of the Cl pulse shows that no 
meson passed through Cl. The third trace, Fig. 2(c), 
shows the accidental coincidence of two mesons with a 
difference of time such as to register in the electronic 
circuits* Either the presence of a pulse from C2 or the 
presence of multiple pulses from SI or S2 would be 
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sufficient to identify the trace as due to one or more 
mesons. 

An over-all test of the apparatus was obtained by 
changing the position of the target in the Bevatron, 
inverting the magnetic fields in Ml, M2, Ql, and Q2, 
and detecting positive protons. 

Each oscilloscope sweep of the type shown in Fig. 2 
can be used to make an approximate mass measurement 
for each particle, since the magnetic fields determine 
the momentum of the particle and the separation of 
pulses 51 and 52 determine the time of flight. For pro- 
tons of our selected momentum the mass is measured 
to about 10 percent, using this method only. 

The observed times of flight for antiprotons are made 
more meaningful by the fact that the electronic gate 
time is considerably longer than the spread of observed 
antiproton flight times. The electronic equipment 
accepts events that are within ±6 millimicroseconds of 
the right flight time for antiprotons, while the actual 
antiproton traces recorded show a grouping of flight 
times to ±1 or 2 millimicroseconds. Figure 3(a) shows 
a histogram of meson flight times; Fig. 3(b) shows a 
similar histogram of antiproton flight times. Accidental 
coincidences account for many of the sweeps (about 
f of the sweeps) during the runs designed to detect 
antiprotons. A histogram of the apparent flight times 
of accidental coincidences is shown in Fig. 3(c). It will 
be noticed that the accidental coincidences do not show 
the close grouping of flight times characteristic of the 
antiproton or meson flight times. 

Mass measurement. — A further test of the equipment 
has been made by adjusting the system for particles of 
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RATIO OF MASS TO PROTON MASS 

Fig. 4. The solid curve represents the mass resolution of the 
apparatus as obtained with protons. Also shown are the experi- 
mental points obtained with antiprotons. 

different mass, in the region of the proton mass. A test 
for the reality of the newly detected negative particles 
is that there should be a peak of intensity at the proton 
mass, with small background at adjacent mass settings. 
By changing only the magnetic field values of Ml, M2, 



Ql, and Q2, particles of different momentum may be 
chosen. Providing the velocity selection is left com- 
pletely unchanged, the apparatus is then set for par- 
ticles of a different mass. These tests have been made 
for both positive and negative particles in the vicinity 
of the proton mass. Figure 4 shows the curve obtained 
using positive protons, which is the mass resolution 



ANTIPROTONS 
PER 10 s W 



oU 

4.0 | 5. 



0 6.0 T. 

E INC (Bev) 

Fig. 5. Excitation curve for the production of antiprotons relative 
to meson production as a function of Bevatron beam energy. 



curve of the instrument. Also shown in Fig. 4 are the 
experimental points obtained with antiprotons. The 
observations show the existence of a peak of intensity 
at the proton mass, with no evidence of background 
when the instrument is set for masses appreciably 
greater or smaller than the proton mass. This test is 
considered one of the most important for the establish- 
ment of the reality of these observations, since back- 
ground, if present, could be expected to appear at any 
mass setting of the instrument. The peak at proton 
mass may further be used to say that the new particle 
has a mass within 5 percent of that of the proton mass. 
It is mainly on this basis that the new particles have 
been identified as antiprotons. 

Excitation function. — A very rough determination has 
been made of the dependence of antiproton production 
cross section on the energy of the Bevatron proton 
beam. A more exact determination will be attempted 
in the future, but up to the present it has not been 
possible to monitor reliably the amount of beam 
actually striking the target. Furthermore, the solid 
angle of acceptance of the detection apparatus may 
not be independent of Bevatron energy since the shape 
of the orbit on which the antiprotons emerge depends 
somewhat on the magnetic field strength within the 
Bevatron magnet. It has, however, been possible to 
measure the ratio of antiprotons to mesons (both at 
momentum 1.19 Bev/c) emitted in the forward direc- 
tion from the target as a function of Bevatron energy. 
The resulting approximate excitation function is shown 
in the form of three experimental points in Fig. 5. 
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Even at 6.2 Bev, the antiprotons appear only to the 
extent of one in 44 000 pions. Because of the decay 
of pions along the trajectory through the detecting 
apparatus, this number corresponds to one antiproton in 
62 000 mesons generated at the target. It will be seen 
from Fig. 5 that there is no observed antiproton pro- 
duction at the lowest energy. Although the production 
of antiprotons does not seem to rise as sharply with 
increasing energy as might at first be expected, the 
data indicate a reasonable threshold for production of 
antiprotons. It must again be emphasized that Fig. 5 
shows only the excitation function relative to the meson 
excitation function, hence the true excitation function 
is not known at this time. If and when detailed meson 
production excitation functions become known, data of 
the type shown in Fig. 5 may allow a true antiproton 
production excitation function to be determined. It 
should also be mentioned that the angle of emission 
from the target actually varies slightly with Bevatron 
energy. At 6.2 Bev, it is 3°, at 5.1 Bev it is 6°, and at 
4.2 Bev it is 8° from the forward direction at the 
Bevatron target. 

Possible spurious effects. — The possibility of a nega- 
tive hydrogen ion being mistaken for an antiproton is 
ruled out by the following argument: It is extremely 
improbable that such an ion should pass through all 
the counters without the stripping of its electrons. It 
may be added that except for a few feet near the target 
the whole trajectory through the apparatus is though 
gas at atmospheric pressure, either in air or, near the 
magnetic lenses, in helium gas introduced to reduce 
multiple scattering. 

None of the known heavy mesons or hyperons have 
the proper mass to explain the present observations. 
Moreover, no such particles are known that have a mean 
life sufficiently long to pass through the apparatus 
without a prohibitive amount of decay since the flight 
time through the apparatus of a particle of proton 
mass is 10.2 X10~ 8 sec. However, this possibility cannot 
be strictly ruled out. In the description of the new 
particles as antiprotons, a reservation must be made 
for the possible existence of previously unknown nega- 
tive particles of mass very close to 1840 electron masses. 

The observation of pulse heights in counters 51 and 
52 indicates that the new particles must be singly 
charged. No multiply charged particle could explain 
the experimental results. 

Photographic experiments directed toward the de- 
tection of the terminal event of an antiproton are in 
progress in this laboratory and in Rome, Italy, using 
emulsions irradiated at the Bevatron, but to this date 
no positive results can be given. An experiment in con- 
junction with several other physicists to observe the 
energy release upon the stopping of an antiproton in a 
large lead-glass Cerenkov counter is in progress and 
its results will be reported shortly. It is also planned to 
try to observe the annihilation process of the anti- 



proton in a cloud chamber, using the present apparatus 
for counter control. 

The whole-hearted cooperation of Dr. E. J. Lofgren, 
under whose direction the Bevatron has been operated, 
has been of vital importance to this experiment. Mr. 
Herbert Steiner and Mr. Donald Keller have been very 
helpful throughout the work. Dr. O. Piccioni has made 
very useful suggestions in connection with the design 
of the experiment. Finally, we are indebted to the 
operating crew of the Bevatron and to our colleagues, 
who have cheerfully accepted many weeks' postpone- 
ment of their own work. 

* This work was done under the auspices of the U. S. Atomic 
Energy Commission. 

1 G. Feldman, Phys. Rev. 95, 1967 (1954). 

2 Evans Hayward, Phys. Rev. 72, 937 (1947). 

3 Amaldi, Castagnoli, Cortini, Franzinetti, and Manfredini, 
Nuovo cimento 1, 492 (1955). 

4 Bridge, Courant, DeStaebler, and Rossi, Phys. Rev. 95, 1101 
(1954). 

s J. Marshall, Ann. Rev. Nuc. Sci. 4, 141 (1954). 



Corrections supplied by the authors: In Fig. 3a 
the peak should be located at 40 x 10 ~ 9 s. In the 
caption for Fig. 3 the last sentence should read: 
"The ordinates show the number of events in each 
10 ~ 9 sec interval." 
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expected, assuming a geometric interaction cross sec- 
tion for antiprotons in copper. It has now been found 3 
that the cross section in copper is about twice geometric, 
which explains this low yield. 

In view of this result a new irradiation was planned 
in which (1) no absorbing material preceded the stack, 
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THE existence of antiprotons has recently been 
demonstrated at the Berkeley Bevatron by a 
counter experiment. 1 The antiprotons were found among 
the momentum-analyzed (1190 Mev/c) negative parti- 
cles emitted by a copper target bombarded by 6.2-Bev 
protons. Concurrently with the counter experiment, 
. stacks of nuclear emulsions were exposed in the beam 
adjusted to accept 1090-Mev/c negative particles in an 
experiment designed to observe the properties of anti- 
protons when coming to rest. This required a 132-g/cm 2 
copper absorber to slow down the antiprotons suffi- 
ciently to stop them in the emulsion stack. Only one 
antiproton was found 2 in stacks in which seven were 




Fig. 1. Plan of the irradiation. 

(2) the range of the antiprotons ended in the stack, and 

(3) antiprotons and mesons were easily distinguishable 
by grain density at the entrance of the stack. In order 
to achieve these three results it was necessary to select 
antiprotons of lower momentum, even if these should be 
admixed with a larger number of it than at higher 
momenta. 

In the present experiment we exposed a stack in the 
same beam used previously, adjusted for a momentum 
of 700 Mev/c instead of 1090 Mev/c. Since the previous 
work 2 had indicated that the most troublesome back- 
ground was due to ordinary protons, the particles were 
also passed through a clearing magnetic field just prior 
to their entrance into the emulsion stacks. The clearing 
magnet (M c ) had B = 9900 gauss, circular pole faces 
of diameter 76 cm, and a gap of 18 cm, so particles 
scattered from the pole faces of the clearing magnet 
could be ignored on the basis of their large dip angle in 
the emulsions. With this arrangement we have achieved 
conditions in which the negative particles enter the 
emulsions at a well-defined angle, and extremely few 
positive particles enter the emulsions within the same 
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range of angles. For the first time we have obtained an 
exposure in which more antiprotons than protons enter 
the stacks with the proper entrance angles. Under these 
conditions it is relatively easy to find antiprotons in 
these stacks even though approximately 5X10 1 nega- 
tive ir mesons at minimum ionization accompany one 
antiproton. The exposure arrangement is shown in 
Fig. 1. The beam collimation was such that at any given 
position at the leading edge of the slacks the angular 
half-width of the pion entrance angles is less than 1° 
both in dip and in the plane of the emulsions. This very 
small angular spread allowed us to apply strict angular 
criteria for picking up antiproton tracks, and thus 
helped to reduce confusing background tracks to a 
negligible level. The antiproton tracks were picked up 
at the leading edge of the emulsions on the basis of a 
grain count (~ twice minimum) and angular criteria 
(angle between track and average direction of pions 
less than 5°) and were then followed along the track. 

A number of antiproton stars have been observed 
in these nuclear emulsions. 4 The one we will describe 
here was found in Berkeley and is of particular interest 
since it is the first example of a particle of protonic mass 
(m/Af,= 1.013±0.O34) which on coming to rest gave 
rise to a star with a visible energy release greater than 
Mp<?. This example thus constitutes a proof that the 
particles here observed undergo an annihilation process 
with a nueleon, a necessary requirement for Dirac's 
antiproton. 

Description of the Event. — The particle marked P~ 
in Fig. 2 entered the emulsion stack at an angle of less 
than 1° from the direction defined by the ir~ mesons in 
the beam. It came to rest in the stack and produced an 
8-prong star. Its total range was R= 12,13±0.14 cm. 
Table I gives the results of three independent mass 

Table I, Mass measurements. 





Residual range 




Hatted 


cm of emulsion 


Mass MfM, 


Ionization range 


2, 5.5, and 12 


0.97 ±0.10 


Scattering-range 


0-1 


0.93 ±0.14 


(constant sagitta) 






Momentum-range 


12.13+0.12 

(air and helium 

equivalent) 


L025± 0.037 


Weighted mean 




1.013 ±0.034 



measurements on the incoming particle. The first two 
methods listed in Table I use measurements made 
entirely in the emulsion stack. The third combines the 
range, as measured in the stack, with the momentum 
as determined by magnetic field measurements. For the 
position and entrance angle of this particle into the 
stack the momentum is £=696 Mev/c with an esti- 
mated 2% error. All three methods are in good agree- 
ment and give a mass of m=1.013±0.034 in proton 
mass units. 



Of the particles forming the star, five came to rest in 
the emulsion stack, two left the stack (tracks numbered 

4 and 8) , and one disappeared in flight (track number 3). 
The tracks numbered 1,4, and 6 in Fig. 2 were caused by 
heavy particles. Particle 4 was near the end of its range 
(iJ r ai=2 mm) when it left the stack. Tracks 1 and 4 
are probably due to protons and track 6 to a triton. 
However, owing to the large dip angles the assignments 
for tracks 1, 4, and 6 are not certain. Track 2 has the 
characteristics of a ir meson and on coming to rest gives 
a 2-prong a star. It is thus a negative ir meson. Particle 

5 came to rest and gave the typical ir-n-<; decay, and 
was thus a positive * meson. From the measured range 
its energy would have been 18 Mev; however, after 




Fig. 2. Reproduction of the P~ star. The description of the 
prongs is given in Table II. The star was observed by A. G. 
Kkspong and the photomicrograph was made by D. H. Kouns. 

0.22 mm it underwent a 22° scattering that appears to 
be inelastic. The initial energy as estimated from the 
grain density change was 30±6 Mev. Track 7 is very 
steep (dip angle =83 .5°), The particle came to rest as a 
typical light p meson after traversing 30 emulsions. At 
the end of the track there Is a blob and possibly an 
associated slow electron. The most probable assignment 
is a negative r meson, although a negative jii meson 
cannot be ruled out. 

In addition to the three stopping ir mesons there are 
two other tracks which we know were caused by light 
particles, presumably ir mesons. Track 8 had pp= 190 
±30 Mev/e and g/go=1.10±0.04, which is consistent 
with a ir meson of 125±25 Mev energy, but is not con- 
sistent with a much heavier particle. After 16 mm it 
shows a 17° scattering with no detectable change in 
energy. Track 3 is very steep (dip angle = 73.5°) and 
its ionii^tion is ah out minimum. The particle traversed 
81 plates and disappeared in flight after an observed 
range of 50 mm. The #3 has been determined by a new 
modification of the multiple scattering technique to be 
250±45 Mev/c. The new method, which is applicable 
to steep tracks, is based on measurements of the co- 
ordinates of the exit point of the track in each emulsion 
with reference to a well-aligned millimeter grid 5 printed 
on each pellicle in the stack. A detailed description of 
this method will be given in a subsequent paper. 
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Table II. Measurements and data on the eight prongs of the P~ star shown in Fig. 2. 



Number 
Track Range of plates Dip 

number mm traversed angle 



Projected 
angle 



Mev/c 



-E|d„ 
Mev 



1 


0.59 


2 


-56.5° 


103° 


2 


27.9 


11 


+6.5° 


61.5° 


3 


>50 


81 


-73.5° 


14.5° 


4 


>14.2 


16 


+ 53° 


318.5° 


5 


6.2 


3 


+4° 


305.5° 


6 


9.5 


15 


-63.5° 


281° 


7 


18.6 


30 


-83.5° 


255° 


8 


>22.3 


16 


+33° 


163° 



250±45 



190±30 





/>(?) 


10 


18 




IT 


43 


183 


1.10±0.04 


W?) 


174±40 


314±40 




pm 


70±5 


78±5 




*+ 


30±6 


170±6 




T(?) 


82 


98 




TT 


34 


174 


~1 


«■(?) 


125±25 


265±25 




Total visible 


energy 8 : 


1300±50 Mev 




For momentum balance : 


> 100 Mev 




Total energy 


release: J; 1400±50 Mev 



• To obtain the minimum possible value of the visible energy release, still consistent with our observations, one has to make the very unlikely assump- 
tions about the identity of tracks 3, 6, 7, and 8: that tracks 3 and 8 are due to electrons, track 6 to a proton, and track 7 to a n~ meson. The total visible 
energy release in this case becomes 1084±55 Mev. To this must be added at least 50 Mev to balance momentum, bringing the total energy release to 
> 11 34 ±55 Mev. 



The observations do not allow us to rule out the 
possibility that tracks 3 and 8 are due to electrons. It is, 
however, very unlikely that a fast electron could travel 
50 mm (1.7 radiation lengths) in the emulsion (as does 
track 3) without a great loss of energy due to brems- 
strahlung. The energy (particle 3) deduced from the 
measured p(3(E=250 Mev) must be considered a lower 
limit. 

In Table II, the pertinent data on the eight prongs are 
summarized. The last column gives the total visible 
energy per particle (£kin+8-Mev binding energy 
per nucleon, or £y n + 140-Mev rest energy per ;r 
meson) for the most probable assignments as dis- 
cussed above. The total visible energy is 1300±50 Mev, 
and the momentum unbalance is 750 Mev/c. To bal- 
ance momentum, an energy of at least 100 Mev is 
required in neutral particles (i.e., about 5 neutrons with 
parallel and equal momenta), which brings the lower 
limit for the observed energy release to 1400±50 Mev. 

However, as some of the identity assignments to the 
star prongs are not certain, we have also computed the 
energy release for the extreme and very unlikely as- 
signments, given at the foot of Table II, which are 
chosen to give the minimum energy release. In this 
case the total visible energy is 1084±55 Mev and the 
resultant momentum is 380 Mev/c, which to be bal- 
anced requires at least 50 Mev in neutral particles (three 
or four neutrons). In this unrealistic case the lower limit 
for the observed energy release is 1134±55 Mev, 
which still exceeds the rest energy of the incoming 
particle by about three standard deviations. 

We conclude that the observations made on this 
reaction constitute a conclusive proof that we are deal- 
ing with the antiparticle of the proton. 

A second important observation is the high multi- 
plicity of charged it mesons (one ir+, two it - , and two 
7r mesons with unknown charge). The fact that so many 
7r mesons escaped from the nucleus where the anni- 
hilation took place, together with the low number of 
heavy particles emitted (three), may indicate that the 
struck nucleus was one of the light nuclei of the emul- 



sion (C, N, O). Two of the outgoing heavy prongs 
carried rather high energies (70 Mev for the proton, 
82 Mev for the triton), and they may have resulted 
from the reabsorption of another two t mesons. 

We are greatly indebted to the Bevatron crew for 
their assistence in carrying out the exposure. We also 
wish to thank Mr. J. E. Lannutti for help with measure- 
ments and the analysis of the event. 

* This work was performed under the auspices of the U. S. 
Atomic Energy Commission. 
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THE principle of invariance under charge conju- 
gation gained strong support when it was found 
that the Bevatron produces antiprotons. 1-3 Another 
prediction of the same theory which could be tested 
experimentally was the existence of the antineutron. 
Additional interest arises from the fact that charge con- 
jugation has somewhat less obvious consequences when 
applied to neutral particles than it has when applied to 
particles with electric charge. 

The purpose of this experiment was to detect the 
annihilation of antineutrons produced by charge ex- 
change from antiprotons. Because the yield of anti- 
neutrons was expected to be low, a relatively large 
flux of antiprotons was required. Protons of 6.2-Bev 
energy bombarded an internal beryllium target of the 
Bevatron (Fig. 1). With a system of two deflecting 
magnets and five magnetic lenses a beam of 1.4-Bev/c 
negative particles was obtained. Six scintillation 
counters connected in coincidence distinguished anti- 
protons from negative mesons by time of flight. In 
Figs. 1 and 2, F is the last counter of this system, 
which counted 300 to 600 antiprotons per hour. Anti- 
protons interacting in the thick converter, X (Fig. 2), 
sometimes produce antineutrons which pass through 
the scintillators Si and Si without detection and finally 
interact in the lead glass Cerenkov Counter C, pro- 
ducing there a pulse of light so large as to indicate the 
annihilation of a nucleon and an antinucleon. 
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Fig. 1. Antiproton-selecting system. Qi through Qb are focusing quadrupoles. Ax and A 2 are analyzing magnets. 
A through F are 4-by-4-by-i-inch scintillators. 



The Cerenkov Counter C is a piece of lead glass, 
13 by 13 by 14 in., density = 4.8, index of refraction 
= 1.8, viewed by 16 RCA 6655 photomultipliers. This 
instrument is similar to the one used in a previous 
experiment on antiprotons. 2 A 1-in. lead plate is 
placed between Si and 5 2 to convert high-energy 
gamma rays which could otherwise be confused with 
the antineutrons. Ordinary neutrons and neutral mesons 
(heavier than pions) can be detected by the Cerenkov 
counter but their average light pulse is much smaller 
than that from the annihilation of an antineutron. 
However, a relatively small background of these neutral 
secondaries would distort the apparent spectrum of 
antineutrons. 

To discriminate against these neutral secondaries, 



the charge-exchange converter, X, was made of a 
scintillating toluene-terphenyl solution, viewed by four 
photomultipliers connected in parallel. In this way 
neutral particles producing pulses in the Cerenkov 
counter ("neutral events") could be separated accord- 
ing to whether they originated in an annihilation, indi- 
cated by a large pulse in X, or in the less violent 
process expected to accompany the charge-exchange 
production of an antineutron. A quantitative criterion 
for this separation is derived from a comparison between 
the pulse-height spectra in X, shown in Fig. 3. The 
dashed curve, obtained in a separate experiment, is the 
spectrum produced by antiprotons passing through but 
not interacting in X. The sharp peak in the spectrum 
provides the calibration of X; the ionization loss for 
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Fig. 2. Antineutron-detecting system. X is the charge-exchange 
scintillator; Si and Sz are scintillation counters; C is a lead-glass 
Cerenkov counter (later a large scintillator). 

transmitted antiprotons is readily computed to be 
SO Mev. The smooth solid curve of Fig. 3, obtained 
with the geometry of Fig. 2, represents all antiproton 
interactions in X from which no pulse was observed in 
Si and 52, whether or not a pulse in C occurred. For 
those events in which a neutral particle produced a 
pulse in C, the histogram of Fig. 3 gives the pulse-height 
distribution. 

The difference between the solid curve and the 
histogram is remarkable in that it shows that the rare 
interactions that produce neutral particles detected by 
the Cerenkov counter release much less energy in X 
than the other unselected interactions. In fact, the 
peak of the histogram is at a smaller pulse height than 
that which corresponds to the ionization loss of a non- 
interacting antiproton (50 Mev). This is what we should 
expect if the neutral particles were antineutrons, for in 
this case no nucleonic annihilation could take place in X. 
Conversely, production of other energetic neutrals 
should exhibit the characteristic large pulse of an 
annihilation event in X. The histogram suggests, there- 
fore, that the apparatus detects a small background of 
events of this latter type. The pulse height of 100 Mev 
in Fig. 3 has been selected to separate this background 
from antineutron events. Figure 4 shows the separate 
pulse-height distributions in the Cerenkov counter for 




D NEUTRAL EVENT IN CERENKOV COUNTER 



200 300 400 500 

PULSE HEIGHT (Mev) 

Fig. 3. Pulse-height spectrum in charge-exchange scintillator 
for 74 neutral events in lead glass. Histogram is for all neutral 
events. The smooth solid curve is for calibrating antiprotons for 
which no pulse occurred in Si or Sz- Smooth dashed curve is for 
noninteracting antiprotons. Smooth curves are each normalized 
to histogram. 



j|6! EXCHANGER PULSE i 100 Mev 
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PULSE HEIGHT (BEV) 



Fig. 4. Pulse-height spectrum in lead glass counter for neutral 
events. The solid histogram is for 54 antineutron events (energy 
loss in charge-exchange scintillator less than 100 Mev). Dashed 
histogram is for 20 other neutral events. Smooth solid curve is 
for antiprotons and is normalized to the solid histogram. 

the events which produced in X a pulse less than 
100 Mev (solid histogram), and for the events which 
produced a pulse larger than 100 Mev (dashed histo- 
gram). The great difference between the two histograms 
with respect to both average pulse height and shape 
confirms the interpretation by which the neutral events 
are divided into antineutrons and background. 

The energy scale in Fig. 4 is obtained by relating 
the pulse height produced by v mesons going through 
the glass to the computed ionization energy loss of 
240 Mev. This calibration was repeated every day. 

The standard for annihilation pulses is provided by 
the smooth curve of Fig. 4, which is the pulse-height 
distribution for antiprotons entering the lead glass 
when Si, S%, and the lead plate are removed. Com- 
parison of the solid histogram with this antiproton 
curve justifies our interpretation that the solid histo- 
gram is produced by antineutrons. 

For comparison with the annihilation spectra of 
Fig. 4, Fig. 5 shows the spectra obtained with 750-Mev 
positive protons (solid curve) and with 600-Mev nega- 
tive pions incident on the glass Counter C. These 
spectra indicate that large pulses are rarely produced 
by particles of such energies. From this it is apparent 
that even high-energy neutrons could not produce a 
spectrum like the solid histogram of Fig. 4. 




PULSE HEIGHT (BEV) 



Fig. 5. Pulse-height spectrum in lead glass counter for ir mesons 
(dashed curve) and for positive protons (solid curve). The curves 
are normalized. 
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PULSE HEIGHT (BEV) 



Fig. 6. Pulse-height spectrum of antiprotons in large scintilla- 
tion counter. The dashed curve is for all incident antiprotons. 
The solid curve has had noninteracting antiprotons removed and 
includes a correction to permit comparison with antineutrons. 



To determine the number of y rays incident on Si, 
the lead between Si and 52 was removed. The number 
of neutral events per incident antiproton increased by 
a factor of 7. From the known probability that a single 
high-energy y ray would be transmitted through 1 in. 
of lead without converting (3% for a 7-ray energy of 
300 Mev), this observed increase shows that our neutral 
events contain at most 20% of 7-ray background before 
selection on the basis of pulse height in X. 

The lead glass Counter C is very sensitive to 7 rays 
and insensitive to ionization losses by slow particles. 
The desirability of comparing the spectra of anti- 
neutrons and antiprotons obtained with an entirely 
different type of detector led us to repeat the experiment 
with Counter C replaced by a liquid scintillator. This 
scintillator, 28 in. thick and S ft 3 in volume, was large 
enough to detect a substantial part of the energy of an 
annihilation event. For this experiment the thickness 
of the lead converter between Si and 5 2 was increased 
to l.S in. As before, the antineutron detector was 
calibrated with antiprotons. The pulse-height distribu- 
tion of antiprotons in the large scintillator is given by 
Fig. 6. The noninteracting antiprotons produce the 
sharp peak. 

The solid smooth curve in Fig. 7 is the solid curve of 
Fig. 6, obtained by correcting the pulse height by 70 
Mev toward lower energy because antiprotons ionize 
before interacting in the scintillator. Sixty neutral 
events were obtained (Fig. 7) after selection with the 
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PULSE HEIGHT (BEV) 

Fig. 7. Pulse-height spectrum in large scintillation counter for 
neutral events. Solid histogram is for 60 antineutrons (energy 
loss in charge-exchange scintillator less than 100 Mev). Dashed 
histogram is for 65 other neutral events. The smooth solid curve 
is the corrected antiproton curve from Fig. 6. 

same criterion as before on the pulse height in X. Again 
the selected neutral spectrum and the antiproton spec- 
trum are in agreement, although not so strikingly as 
with the lead glass. The sixty selected events apparently 
include some contamination. This interpretation is con- 
firmed by the shape of the spectrum in X for all neutral 
events (Fig. 8). There are now many more neutral 
secondaries from inelastic collisions of antiprotons than 
there were in the experiment with the lead glass, and 
the separation between antineutrons and background is 
therefore not so good. The larger number of neutral 
secondaries is probably to be attributed to the greater 
sensitivity of the scintillator to neutrons. 

The lead glass and the scintillator are of nearly equal 
efficiency in detecting the antineutrons. The observed 
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Fig. 8. Pulse-height spectrum in charge-exchange scintillator 
for 125 neutral events in large scintillator. The smooth curves 
are the same as in Fig. 3, each normalized to histogram. 
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yield from about 20 g/cm 2 of toluene is 0.0030±0.0005 
antineutrons per antiproton with the lead glass, and 
0.0028±0.0005 with the liquid scintillator. With the 
assumption that the interaction cross section for anti- 
neutrons is the same as for antiprotons, the inefficiency 
of the detector due to attenuation in Si, Si, and the 
lead converter, and to transmission of the detector can 
be calculated, and is found to be about 50%. From the 
observed antineutron yield the mean free path for 
charge exchange of the type detected is about 2300 
g/cm 2 of toluene (C7H 8 ) ; or, in other words, the ex- 
change cross section is about 2% of the annihilation 
cross section for this material. This corresponds to a 
cross section of approximately 8 millibarns in carbon 
for this process. 
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5 
The Resonances 



A pattern evolves, 1952-1964. 

Most of the particles whose discoveries are described in the preceding chapters have life- 
times of 10~ 10 s or more. They travel a perceptible distance in a bubble chamber or emul- 
sion before decaying. The development of particle accelerators and the measurement of 
scattering cross sections revealed new particles in the form of resonances. The resonances 
corresponded to particles with extremely small lifetimes as measured through the uncer- 
tainty relation AtAE — H. The energy uncertainty, AE, was reflected in the width of the 
resonance, usually 10 to 200 MeV, so the implied lifetimes were roughly ft/ 100 Me V « 
10~ 25 s. As more and more particles and resonances were found, patterns appeared. Ulti- 
mately these patterns revealed a deeper level of particles, the quarks. 

The first resonance in particle physics was discovered by H. Anderson, E. Fermi, 
E. A. Long, and D. E. Nagle, working at the Chicago Cyclotron in 1952 (Ref. 5.1). They 
observed a striking difference between the jt + p and tt~ p total cross sections. The n~ p 
cross section rose sharply from a few millibarns and came up to a peak of about 60 mb 
for an incident pion kinetic energy of 180 MeV. The tt + p cross section behaved similarly 
except that for any given energy, its cross section was about three times as large as that for 
n~ p. 

In two companion papers they investigated the three scattering processes: 

elastic jt + scattering 
charge-exchange scattering 
elastic n~ scattering 

They found that of the three cross sections, (1) was largest and (3) was the smallest. The 
data were very suggestive of the first half of a resonance shape. The tc + cross section rose 
sharply but the data stopped at too low an energy to show conclusively a resonance shape. 
K. A. Brueckner, who had heard of these results, suggested that a resonance in the np 
system was being observed and noted that a spin-3/2, isospin-3/2 np resonance would give 
the three processes in the ratio 9:2:1, compatible with the experimental result. Furthermore, 
the spin-3/2 state would produce an angular distribution of the form 1 + 3 cos 2 0 for each 
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lt~ p — > 7t°n 
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of the processes, while a spin-1/2 state would give an isotropic distribution. The jt + p state 
must have total isospin / = 3/2 since it has L — 3/2. If the resonance were not in the 
/ = 3/2 channel, the jt + p state would not participate. Fermi proceeded to show that a 
phase shift analysis gave the / = 3/2, / = 3/2 resonance. C. N. Yang, then a student 
of Fermi's, showed, however, that the phase shift analysis had ambiguities and that the 
resonant hypothesis was not unique. It took another two years to settle fully the matter with 
many measurements and phase shift analyses. Especially important was the careful work of 
J. Ashkin et al. at the Rochester cyclotron, which showed that there is indeed a resonance, 
what is now called the A(1232) (Ref. 5.2). A mature analysis of the J — 3/2, / = 3/2 
pion-nucleon channel is shown in Figure 5.1. 

The canonical form for a resonance is associated with the names of G. Breit and E. Wigner. A heuris- 
tic derivation of a resonance amplitude is obtained by recalling that for s-wave potential scattering, 
the scattering amplitude is given by 

exp(2;<5) — 1 

f =^wh- (5 - 1} 

where <5 is the phase shift and k is the center-of-mass momentum. For elastic scattering the phase 
shift is real. If there is inelastic scattering <5 has a positive imaginary part. For the purely elastic case 
it follows that 

Im(llf) = -k (5.2) 

which is satisfied by 

1// = (r - i)k (5.3) 

where r is any real function of the energy. Clearly, the amplitude is biggest when r vanishes. Suppose 
this occurs at an energy Eq and that r has only a linear dependence on E, the total center-of-mass 
energy. Then we can introduce a constant T that determines how rapidly r passes through zero: 

1 1 T/2 

/= = ■ (5.4) 

2k(E 0 - E) T - ik k (E 0 - E) - iT/2 



The differential cross section is 



and the total cross section is 



do/dQ, = \f\ 2 (5.5) 



4?r r z /4 

CT =47r|/| 2 = — '- — . (5.6) 

k 2 (E - E Q ) 2 + T 2 /4 

The quantity T is called the full width at half maximum or, more simply, the width. This for- 
mula can be generalized to include spin for the resonance (J), the spin of two incident particles 
(Si, 52), and multichannel effects. The total width receives contributions from various channels, 
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Figure 5.1. An analysis of the J — 3/2, / = 3/2 channel of pion-nucleon scattering. Scattering 
data have been analyzed and fits made to the various angular momentum and isospin channels. For 
each channel there is an amplitude, ajj — {e '■' — l)/2i, where Sjj is real for elastic scattering 
and lmS[j > 0 if there is inelasticity. Elastic scattering gives an amplitude on the boundary of the 
Argand circle, with a resonance occurring when the amplitude reaches the top of the circle. In the 
figure, the elastic resonance at 1232 MeV is visible, as well as two inelastic resonances. Tick marks 
indicate 50 MeV intervals. The projections of the imaginary and real parts of the J — 3/2, / = 3/2 
partial wave amplitude are shown to the right and below the Argand circle [Results of R. E. Cutkosky 
as presented in Review of Particle Properties, Phys. Lett. 170B, 1 (1986)]. 



T = ~Y_, n r„, where T n is the partial decay rate into the final state n. If the partial width for 
the incident channel is r,„ and the partial width for the final channel is T out , the Breit-Wigner 
formula is 



4tt 



2J + 1 



r ; „r ou? /4 



k 2 (25! + 1)(25 2 + 1) (E - E 0 ) 2 + T 2 /4' 
In this formula, k is the center-of-mass momentum for the collision. 



(5.7) 



As higher pion energies became available at the Brookhaven Cosmotron, more np res- 
onances (this time in the 7 = 1/2 channel and hence seen only in n~ p) were observed, 
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Figure 5.2. Data from the Brookhaven Cosmotron for jt + p and n~ p scattering. The cross section 
peak present for it ~ p and absent for7r + p demonstrates the existence of an / = 1 /2 resonance (N*) 
near 900 MeV kinetic energy (center-of-mass-energy 1685 MeV). A peak near 1350 MeV kinetic 
energy (center-of-mass-energy 1925 MeV) is apparent in the ti + p channel, indicating an / = 3/2 
resonance, as shown in Figure 5.1. Ultimately, several resonances were found in this region. (Ref. 5.3) 



as shown in Figure 5.2. Improved measurements of these resonances came from photopro- 
duction experiments, yN —*■ jiN, carried out at Caltech and at Cornell (Ref. 5.4). 

The full importance and wide-spread nature of resonances became clear only in 
1960 when Luis Alvarez and a team that was to include A. Rosenfeld, F. Solmitz, and 
L. Stevenson began their work with separated K~ beams in hydrogen bubble cham- 
bers exposed at the Bevatron. The first resonance observed (Ref. 5.5) was the 1=1 
An resonance originally called the Y*, but now known as the £(1385). The reaction 
studied in the Lawrence Radiation Laboratory's 15-inch hydrogen bubble chamber was 
K~ p — ► Att + 7T~ at 1.15 GeV/c. The tracks in the bubble chamber pictures were mea- 
sured on semiautomatic measuring machines and the momenta were determined from the 
curvature and the known magnetic field. The measurements were refined by requiring that 
the fitted values conserve momentum and energy. The invariant masses of the pairs of 
particles, 



M 



12 



(p\ + pi) = (Ei + E 2 y - (pi + p 2 r 



(5.8) 



were calculated. For three-particle final states a Dalitz plot was used, with either the center- 
of-mass frame kinetic energies, or equivalently, two invariant masses squared, as variables. 
As for the r -meson decay originally studied by Dalitz, in the absence of dynamical cor- 
relations, purely s-wave decays would lead to a uniform distribution over the Dalitz plot. 
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The most surprising result found by the Alvarez group was a band of high event density at 
fixed invariant mass, indicating the presence of a resonance. 

The data showed resonance bands for both the Y* + —> An + and the Y*~ — >■ An~ 
processes. Since the isospins for A and jr are 0 and 1 respectively, the Y* had to be an 
isospin-1 resonance. The Alvarez group also tried to determine the spin and parity of the 
Y*, but with only 141 events this was not possible. 

This first result was followed rapidly by the observation of the first meson resonance, 
the K*(S90), observed in the reaction K~ p — ► K tc~ p, measured in the same bubble 
chamber exposure (Ref. 5.6). This result was based on 48 identified events, of which 21 
lay in the K* resonance peak. The data were adequate to demonstrate the existence of the 
resonance, but provided only the limit J < 2 for the spin. The isospin was determined to 
be 1/2 on the basis of the decays K*~ -*■ K'tt 0 and K*° -► K-jt+. 

A very important J — 1 resonance had been predicted first by Y. Nambu and later by 
W. Frazer and J. Fulco. This nn resonance, the p, was observed by A. R. Erwin et al. using 
the 14-inch hydrogen bubble chamber of Adair and Leipuner at the Cosmotron (Ref. 5.7). 
The reactions studied were n~ p — ► 7t~7t°p, jt~ p — ► n~Tt + n, and it~ p — s* 7t°7t°n. 
Events were selected so that the momentum transfer between the initial and final nucleons 
was small. For these events, there was a clear peak in the tttt mass distribution. From the 
ratio of the rates for the three processes, the 7 = 1 assignment was indicated, as required 
for a J = 1 tttt resonance (7 = 1 makes the spatial wave function odd, so bose statistics 
require that the isospin wave function be odd, as well). 

By requiring that the momentum transfer be small, events were selected that corre- 
sponded to the "peripheral" interactions, that is, those where the closest approach (classi- 
cally) of the incident particles was largest. In these circumstances, the uncertainty principle 
dictates the reaction be described by the virtual exchange of the lightest particle available, 
in this instance, a pion. Thus the interaction could be viewed as a collision of an incident 
pion with a virtual pion emitted by the nucleon. The subsequent interaction was simply 
tttt scattering. This fruitful method of analysis was developed by G. Chew and F. Low. 
For the Erwin et al. experiment, the analysis showed that the tttt scattering near 770 MeV 
center-of-mass energy was dominated by a spin-1 resonance. 

Shortly after the discovery of the p, a second vector (spin-1) resonance was found, this 
time in the 1 = 0 channel. B. Maglich, together with other members of the Alvarez group, 
studied the reaction Jpp —*■ tt + tt~tt + tt~tt° using a 1.61 GeV/c separated antiproton beam 
(Ref. 5.8). After scanning, measurement, and kinematic fitting, distributions of the 7r^7r 
masses were examined. A clean, very narrow resonance was observed with a width T < 30 
MeV. The peak occurred in the tt + tt~tt° combination, but not in the combinations with 
total charges other than 0. This established that the resonance had I — 0. A Dalitz plot 
analysis showed that J p — \~ was preferred, but was not a unique solution. The remaining 
uncertainty was eliminated in a subsequent paper (Ref. 5.9). The Dalitz plot proved an 
especially powerful tool in the analysis of resonance decays, especially of those into three 
pions. This was studied systematically by Zemach, who determined where zeros should 
occur for various spins and isospins, as shown in Figure 5.3. 
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Figure 5.3. Zemach's result for the location of zeros in decays into three pions. The dark spots and 
lines mark the location of zeros. C. Zemach, Phys. Rev. 133, B1201 (1964). 



The discovery of the meson resonances took place in "production" reactions. The reso- 
nance was produced along with other final-state particles. The term "formation" is used to 
describe processes in which the resonance is formed from the two incident particles with 
nothing left over, as in the A resonance formed in it N collisions (N — p or n). 

The term "resonance" is applied when the produced state decays strongly, as in the p 
or K*. States such as the A, which decay weakly, are termed particles. The distinction 
is, however, somewhat artificial. Which states decay weakly and which decay strongly is 
determined by the masses of the particles involved. The ordering of particles by mass may 
not be fundamental. Geoffrey Chew proposed the concept of "nuclear democracy," that all 
particles and resonances were on an equal footing. This view has survived and a resonance 
like K* is regarded as no less fundamental than the K itself, even though its lifetime is 
shorter by a factor of 10 14 . 

The proliferation of particles and resonances called for an organizing principle more 
powerful than the Gell-Mann-Nishijima relation and one was found as a generalization 
of isospin. One way to picture isospin is to regard the proton and neutron as fundamental 
objects. The pion can then be thought of as a combination of a nucleon and an antinucleon, 
for example, np — >■ n + . This is called the Fermi- Yang model. S. Sakata proposed to 
extend this by taking the n, p, and A as fundamental. In this way the strange mesons could 
be accommodated: Ap — »■ K + . The hyperons like E could also be represented: fiAp — ► 
E + . Isospin, which can be represented by the n and p, has the mathematical structure of 
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SU(2). Sakata's symmetry, based on n, p, and A, is SU(3). Ultimately, Murray Gell-Mann 
and independently, Yuval Ne'eman proposed a similar but much more successful model. 

Each isospin or SU(3) multiplet must be made of particles sharing a common value of 
spin and parity. Without knowing the spins and parities of the particles it is impossible to 
group them into multiplets. Because the decays A — s- tt~ p and A — ► it 0 n are weak and, 
as we shall learn in the next chapter, do not conserve parity, it is necessary to fix the parity 
of the A by convention. This is done by taking it to have P = + 1 just like the nucleon. 
With this chosen, the parity of the K is an experimental issue. 

The work of M. Block et al. (Ref . 5.10) studying hyperfragments produced by K ~ inter- 
actions in a helium bubble chamber showed the parity of the K~ to be negative. The pro- 
cess observed was K~He 4 — »■ 7r~He^. The He^ hyperfragment consists of ppnA bound 
together. It was assumed that the hyperfragment had spin-zero and positive parity, as was 
subsequently confirmed. The reaction then had only spin-zero particles and the parity of 
the K~ had to be the same as that of the tt~ since any parity due to orbital motion would 
have to be identical in the initial and final states. 

The parity of the E was determined by Tripp, Watson, and Ferro-Luzzi (Ref. 5.1 1) by 
studying K~ p — ► Ejt at a center-of-mass energy of 1520 MeV. At this energy there is an 
isosinglet resonance with J p — 3/2 + . The angular distribution of the produced particles 
showed that the parity of the £ was positive. Thus it could fit together with the nucleon 
and A in a single multiplet. The S was presumed to have the same J p . 

In the Sakata model the baryons p, n, and A formed a 3 of SU(3), while the pseu- 
doscalars formed an octet. In the version of Gell-Mann and Ne'eman the baryons were 
in an octet, not a triplet. The baryon octet included the isotriplet E and the isodoublet 
S in addition to the nucleons and the A. The basic entity of the model of Gell-Mann 
and Ne'eman was the octet. All particles and resonances were to belong either to octets, 
or to multiplets that could be made by combining octets. The rule for combining isospin 
multiplets is the familiar law of addition of angular momentum. For SU(3), the rule for 
combining two octets gives 1 + 8 + 8 + 10 + 10* + 27. (Here the 10 and 10* are two 
distinct ten-dimensional representations.) The "eightfold way" postulated that only these 
multiplets would occur. The baryon octet is displayed in Figure 5.4. 

The pseudoscalar mesons known in 1962 were the it + , it 0 , ir~ , the K + , K°, K , and 
the K~ . Thus, there was one more to be found according to SU(3). A. Pevsner of Johns 
Hopkins University and M. Block of Northwestern University, together with their co- 
workers found this particle, now called the r\, by studying bubble chamber film from 
Alvarez's 72-inch bubble chamber filled with deuterium. The exposure was made with a 
jr + beam of 1.23 GeV/c at the Bevatron (Ref. 5.12). The particle was found in the 7T + 7t~7t° 
channel at a mass of 546 MeV. No charged partner was found, in accordance with the 
SU(3) prediction that the new particle would be an isosinglet. The full pseudoscalar octet 
is displayed in Figure 5.5 in the conventional fashion. 

The r\ was established irrefutably as a pseudoscalar by M. Chretien et al. (Ref. 5.13) 
who studied n~ p — ► r\n at 1.72 GeV using a heavy liquid bubble chamber. The heavy 
liquid improved the detection of photons by increasing the probability of conversion. This 
enabled the group to identify the two-photon decay of the r\. See Figure 5.6. By Yang's 
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direction measures /- , the third component of isospin. The vertical axis measures the hypercharge, 
Y — B + S, the sum of baryon number and strangeness. 



K' 



K + 



n°,n 



K~ 



K° 



1 



0 



1 



I- 



Figure 5.5. The pseudoscalar octet. The horizontal direction measures I z while the vertical measures 
the hypercharge, Y — B + S. 

theorem, this excluded spin-one as a possibility. The absence of the two-pion decay mode 
excluded the natural spin-parity sequence 0 + , 1~, 2 + , . . . If the possibility of spin two or 
higher is discounted, only 0~ remains. 

Surprisingly the decay of the r\ into three pions is an electromagnetic decay. The r\ has 
three prominent decay modes : tt + 7T~7T°, 7t 0 jr 0 7t 0 , and yy. The last is surely electro- 
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Figure 5.6. A histogram of the opening angle between the two photons in the decay n - 
solid curve is the theoretical expectation corresponding to the mass of the n (Ref. 5.13). 
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magnetic, and since it is comparable in rate to the others, they cannot be strong decays. 
The absence of a strong decay is most easily understood in terms of G-parity, a concept 
introduced by R. Jost and A. Pais, and independently, by L. Michel. 

G-parity is defined to be the product of charge conjugation, C, with the rotation in 



isospin space e~ v . Since the strong interactions respect both charge conjugation and 
isospin invariance, G-parity is conserved in strong interactions. The non-strange mesons 
are eigenstates of G-parity and for the neutral members like p° (I — 1, C — +1), or 
(/ = 0, C = -1), ri° (I = 0, C = +1), and it 0 (I = 1, C = +1), the G-parity is simply 
C(— l) 7 . All members of the multiplet have the same G-parity even though the charged 
particles are not eigenstates of C. Thus the pions all have G — — 1. The p has even G- 
parity and decays into an even number of pions. The a> has odd G-parity and decays into 
an odd number of pions. 

The ;; has G — +1 and cannot decay strongly into an odd number of pions. On the other 
hand, it cannot decay strongly into two pions since the / = 0 state of two pions must have 
even parity, while the r\ is pseudoscalar. Thus the strong decay of the ij must be into four 
pions. Now this is at the edge of kinematic possibility (if two of the pions are neutral), but 
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to obtain J p — 0~, the pions must have some orbital angular momentum. This is scarcely 
possible given the very small momenta the pions would have in such a decay. As a result, 
the 3k decay, which violates G-parity and thus must be electromagnetic, is a dominant 
mode. 

The SU(3) symmetry is not exact. Just as the small violations of isospin symmetry lead 
to the proton-neutron mass difference, the larger deviations from SU{3) symmetry break 
the mass degeneracy among the particles in the meson and baryon octets. By postulating a 
simple form for the symmetry breaking, Gell-Mann and subsequently, S. Okubo were able 
to predict the mass relations 



1 1 

-(m p + m 3 ) = - 



(m p + oth) = -{niY, + 3m a), (5.9) 



m 2 K = ^(ml+3nty. (5.10) 

The use of m for the baryons and m 2 for the mesons relies on dynamical considerations 
and does not follow from SU(3) alone. The relations are quite well satisfied. 

The baryon and pseudoscalar octets are composed of particles that are stable, that is, 
decay weakly or electromagnetically, if at all. In addition, the resonances were also found 
to fall into St/ (3) multiplets in which each particle had the same spin and parity. The 
vector meson multiplet consists of the p + , p°, p~ , K* + , K*°, K , K*~ , and co. The spin 
of the A"*(890) was determined in an experiment by W. Chinowsky et al. (Ref. 5.14) who 
observed the production of a pair of resonances, K + p — y K*A. They found that / > 0 
for the K*, while Alston et al. found J < 2. The result was J p — 1~. An independent 
method, due to M. Schwartz, was applied by R. Armenteros et al. (Ref. 5.15) who reached 
the same conclusion. 

An additional vector meson, </>, decaying predominantly into KK was discovered by 
two groups, a UCLA team under H. Ticho (Ref. 5.16) and a Brookhaven-Syracuse group, 
P. L. Connolly et al. (Ref. 5.17), the former using an exposure of the 72-inch hydrogen 
bubble chamber to K~ mesons at the Bevatron, the latter using the 20-inch hydrogen bub- 
ble chamber at the Cosmotron. 
The reactions studied were 

(1) K~p -y AK°K° 

(2) K~p^ AK + K~ 

A sharp peak very near the KK threshold was observed and it was demonstrated that 
the spin of the resonance was odd, and most likely J — 1. 

The analysis relies on the combination of charge conjugation and parity, CP. From the decay 0 — ► 
K + K~ we know that if the spin of thesis 7, then C = (-l) 7 , P = (-1) 7 , and so it has CP = +1. 
As discussed in Chapter 7, the neutral kaon system has very special properties. The K and K 
mix to produce a short-lived state, K^ and a longer-lived Kj. These are very nearly eigenstates of 
CP with CP(K%) = +1, CP(K Q L ) = -1. M. Goldhaber, T. D. Lee, and C. N. Yang noted that 
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a state of angular momentum J composed of a K^ and a A*9 thus has C P — — (— 1) . Thus the 
observation of the K^,Kj in the decay of the CP even <p would show the spin to be odd. Conversely, 
the observation of k}Kj^ or K^K^, would, because of Bose statistics, show the state to have even 
angular momentum. The long-lived K is hard to observe because it exits from the bubble chamber 
before decaying. Thus when the experiment of Connolly et al. observed 23 Ai[5, but no events 
AKIkI, it was concluded that the spin was odd, and probably J — 1. 

With the addition of the <f> there were nine vector mesons. This filled an octet multiplet 
and a singlet (a one-member multiplet). The isosinglet members of these two multiplets 
have the same quantum numbers, except for their 5(7(3) designation. Since SU(3) is an 
approximate rather than an exact symmetry, these states can mix, that is, neither the a> nor 
the (p is completely singlet or completely octet. The same situation arises for the pseu- 
doscalars, where there is in addition an rj' meson, which mixes with the rj. 

The octet of spin- 1/2 baryons including the nucleons consisted of the p,n, A, E + , E°, 
£ ~ , B , S~ . This multiplet was complete. The A had spin 3/2 and could not be part of this 
multiplet. An additional spin-3/2 baryon resonance was known, the Y* (1385) or E(1385). 
Furthermore, another baryon resonance was found by the UCLA group (Ref. 5.18) and the 
Brookhaven-Syracuse collaboration (Ref. 5.19) that discovered the </>. They observed the 
reactions 

K~p^ E~jr°K + 
K~p^ a~7t + K° 

and found a resonance in the Sir system with a mass of about 1530 MeV. Its isospin must 
be 3/2 or 1/2. If it is the former, the first reaction should be twice as common as the second, 
while experiment found the second dominated. The spin and parity were subsequently 
determined to be J p — (3/2) + . 

The J p — (3/2) + baryon multiplet thus contained 4As, 3E*s, and 2S*s. The situation 
came to a head at the 1962 Rochester Conference. According to the rules of the eightfold 
way, this multiplet could only be a 10 or a 27. The 27 would involve baryons of positive 
strangeness. None had been found. Gell-Mann, in a comment from the floor, declared the 
multiplet was a 10 and that the tenth member had to be an S — —3, 1 — 0, J p — (3/2) + 
state with a mass of about 1680 MeV. It was possible to predict the mass from the pattern of 
the masses of the known members of the multiplet. For the 10, it turns out that there should 
be equal spacing between the multiplets. From the known differences 1385 — 1232 = 153, 
1530 — 1385 = 145, the mass was predicted to be near 1680. The startling aspect of 
the prediction was that the particle would decay weakly, not strongly since the lightest 
S — —3 state otherwise available is AK K~ with a mass of more than 2100 MeV. Thus 
the new state would be a particle, not a resonance. The same conclusion had been reached 
independently by Y. Ne'eman, who was also in the audience. 

Bubble chamber physicists came home from the conference and started looking for the 
Q,~, as it was called. Two years later, a group including Nick Samios and Ralph Shutt 
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working with the 80-inch hydrogen bubble chamber at Brookhaven found one particle with 
precisely the predicted properties (Ref. 5.20). The decay sequence they observed was 



K~p- 


+ £1~K + K 


Q- - 


>3°;r- 


w° _ 


>A7T° 


A - 


■*■ pn~ 



The 7T° was observed through the conversion of its photons. The complete J p — 3/2 + 
decuplet is shown in Figure 5.7. 

This was a tremendous triumph for both theory and experiment. With the establishment 
of Si/ (3) pseudoscalar and vector octets, a spin-1/2 baryon octet, and finally a spin-3/2 
baryon decuplet, the evidence for the eightfold way was overwhelming. Other multiplets 
were discovered, the tensor meson J PC = 2++, octet [/ 2 (1270), #2(1420), a 2 (1320), 
/ 2 '(1525)], J PC — 1 ++ and J PC — l" 1 meson octets, and numerous baryon octets 
and decuplets. The discoveries filled the ever-growing editions of the Review of Particle 
Physics. 
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Figure 5.7. The J — 3/2 + decuplet completed by the discovery of the Q 
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A clearer understanding of SU(3) emerged when Gell-Mann and independently, 
G. Zweig proposed that hadrons were built from three basic constituents, "quarks" in 
Gell-Mann's nomenclature. Now called u ("up"), d ("down"), and s ("strange"), these 
could explain the eightfold way. The mesons were composed of a quark (generically, q) 
and an antiquark (q). The Sakata model was resurrected in a new and elegant form. The 
SU(3) rules dictate that the nine combinations formed from qq produce an octet and 
a singlet. This can be displayed graphically in "weight diagrams," where the horizontal 
distance is I z , while the vertical distance is V3Y/2 — V3(B + S)/2. The combinations 
qq, which make an octet and a singlet of mesons, are represented as sums of vectors, one 
from q and one from q. 



ds 

k 



us 

I 



du 




sd 



In the qq diagram there are three states at the origin (mm, dd, ss) and one state at each 
of the other points. The state (uu + dd + s5)/V3 is completely symmetric and forms the 
singlet representation. The eight other states form an octet. For the pseudoscalar mesons 
the octet is jt + , it 0 , tt~ , K + , K°, K , K~ , rj and the singlet is v( . Actually, since 
SU(3) is not an exact symmetry, it turns out that there is some mixing of the r\ and rj ' , as 
mentioned earlier. 

Baryons are produced from three quarks. The SU(3) multiplication rules give 3x3x3 = 
10 + 8 + 8 + 1, so only decuplets, octets, and singlets are expected. The J p — (3/2) + 
decuplet shown in Figure 5.7 contains states like A ++ = uuu and Q,~ — sss. The J p — 
(l/2) + octet contains the proton (uud), the neutron (udd), etc. There are baryons that are 
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primarily SU(3) singlets, like the A(1405), which has J p = (1/2)", and the A(1520), 
with/ p = (3/2)". 

The simplicity and elegance of the quark description of the fundamental particles was 
most impressive. Still, the quarks seemed even to their enthusiasts more shorthand nota- 
tion than dynamical objects. After all, no one had observed a quark. Indeed, no convincing 
evidence was found for the existence of free quarks during the years following their intro- 
duction by Gell-Mann and Zweig. Their later acceptance as the physical building blocks 
of hadrons came as the result of a great variety of experiments described in Chapters 8-11. 



Exercises 

5.1 Predict the value of the jt + p cross section at the peak of the A(1232) resonance and 
compare with the data. 

5.2 Show that for an / = 3/2 resonance the differential cross sections for ir + p — ► n + p, 
it~ p — > 7t°n, and it~ p — > n~ p are in the ratio 9:2:1. Show that the A(1232) pro- 
duced in np scattering yields a 1 + 3 cos 2 8 angular distribution in the center-of-mass 
frame. 

5.3 For the A ++ (1232) and the F* + (1385), make Argand plots of the elastic amplitudes 
for 7t + p — > 7t + p and jt + A — y n + A using the resonance energies and widths given 
in Table II of Alston et al. (Ref. 5.5). 

5.4 Verify the ratios expected for / {nit) — 0, 1 , 2 in Table I of Erwin et al. (Ref. 5.7). 

5.5 Verify that isospin invariance precludes the decay a> — > 3jt°. 

5.6 What is the width of the rfl How is it measured? Check the Review of Particle Physics. 

5.7 Verify the estimate of Connolly et al. (Ref. 5.17) that if J(<p) = 1, then 

s L -0.39. 



BR(<j> -^ K° S K°) + BR{(j> -► K+K-) 
5.8 How was the parity of the E determined? See (Ref. 5.11). 



Further Reading 

The authoritative compilation of resonances is compiled by the Particle Data Group. A 
new Review of Particle Physics is published in even numbered years and updated annually 
on the web. 
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Total Cross Sections ofpPositive Pions 
in Hydrogen* 

H, L, Anderson, E. Fermi, E. A. Long,! and D. E. Nagle 

Institute for Nuclear Studies, University of Chicago,, 

Chicago, Illinois 

(Received January 21, 1952} 

IN a previous letter, 1 measurements of the total cross sections of 
negative pions in hydrogen were reported. In the present letter, 
we report on similar experiments with positive pions. 

The experimental method and the equipment used in this 
measurement was essentially the same as that used in the case of 
negative pions. The main difference was in the intensity, which for 
the positives was much less than for the negatives, the more so 
the higher the energy. This is due to the fact that the positive 
pions which escape out of the fringing field of the cyclotron 
magnet are those which are emitted in the backward direction 
with respect to the proton beam, whereas the negative pions are 
those emitted in the forward direction. The difficulty of the low 
intensity was in part compensated by the fact that the cross sec- 
tion for positive pions turned out to be appreciably larger than 
for negative pions. The results obtained thus far are summarized 
in Table I. 

In Fig. 1 the total cross sections of positive and negative pions 
are collected. It is quite apparent that the cross section of the 
positive particles is much larger than that of the negative par- 
ticles, at least in the energy range from 80 to 150 Mev. 

In this letter and in the two preceding ones, 1 - 2 the three 
processes: (1) scattering of positive pions, (2) scattering of nega- 
tive pions with exchange of charge, and (3) scattering of negative 
pions without exchange of charge have been investigated. It 
appears that over a rather wide range of energies, from about 
80 to 150 Mev, the cross section for process (1) is the largest, 
for process (2) is intermediate, and for process (3) is the smallest. 
Furthermore, the cross sections of both positive and negative pions 
increase rather rapidly with the energy. Whether ihe cross sections 
level off at a high value or go through a maximum, as might be 
expected if there should be a resonance, is impossible to determine 
from our present experimental evidence. 

Brueckner 3 has recently poin f ed out that the existence of a 
broad resonance level with spin 3/2 and isotopic spin 3/2 would 
give an approximate understanding of the ratios of the cross 
sections for the three processes (1), (2), and (3). We might point 
out in this connection that the experimental results obtained to 
date are also compatible with the more general assumption that in 
the energy interval in question the dominant interaction re- 
sponsible for the scattering is through one or more intermediate 
states of isotopic spin 3/2, regardless of the spin. On this assump- 
tion, one finds that the ratio of the cross sections for the three 
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Fig. 1. Total cross sections of negative pions in hydrogen (sides of the 
rectangle represent the error) and positive pions in hydrogen (arms of the 
cross represent the error). The cross-hatched rectangle is the Columbia 
result. The black square is the Brookhaven result and does not include the 
charge exchange contribution. 



processes should be (9:2:1), a set of values which is compatible 
with the experimental observations. It is more difficult, at present, 
to say anything specific as to the nature of the intermediate state 
or states. If there were one state of spin 3/2, the angular distribu- 
tion for all three processes should be of the type l-f-3 cos 2 0. If 
the dominant effect were due to a state of spin 1/2, the angular 
distribution should be isotropic. If states of higher spin or a mix- 
ture of several states were involved, more complicated angular 
distributions would be expected. We intend to explore further 
the angular distribution in an attempt to decide among the 
various possibilities. 

Besides the angular distribution, another important factor is 
the energy dependence. Here the theoretical expectation is that, 
if there is only one dominant intermediate state of spin 3/2 and 
isotopic spin 3/2, the total cross section of negative pions should 
at all points be less than (8/3)xX 2 . Apparently, the experimental 
cross section above 150 Mev is larger than this limit, which indi- 
cates that other states contribute appreciably at these energies. 
Naturally, if a single state were dominant, one could expect that 
the cross sections would go through a maximum at an energy not 
far from the energy of the state involved. Unfortunately, we have 
not been able to push our measurements to sufficiently high ener- 
gies to check on this point. 

Also very interesting is the behavior of the cross sections at 
low energies. Here the energy dependence should be approxi- 
mately proportional to the 4th power of the velocity if only states 
of spin 1/2 and 3/2 and even parity are involved and if the pion 
is pseudoscalar. The experimental observations in this and other 
laboratories seem to be compatible with this assumption, but the 
cross section at low energy is so small that a precise measurement 
becomes difficult. 

* Research sponsored by the ONR and AEC. 

t Institute for the Study of Metals, University of Chicago. 

i Anderson, Fermi, Long, Martin, and Nagle, Phys. Rev., this issue. 

* Fermi, Anderson, Lundby, Nagle, and Yodh, preceding Letter, this 
issue, Phys. Rev. 

* K. A. Brueckner (private communication). 



Table I. Total cross sections of positive pions in hydrogen. 



Energy (Mev) 

56 ±8 

82 ±7 
118±6 
136 ±6 



Cross section 
(10-» cm*) 

20±IO 

50 ±13 
91 ± 6 

152±14 
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We report a study of the reaction 

K~+p~A° + Tr+ + Tt- (1) 

produced by 1.15-Bev/c K~ mesons and observed 
in the Lawrence Radiation Laboratory's 15-in. 
hydrogen bubble chamber. A preliminary report 
of these results was presented at the 1960 Roch- 
ester Conference. 1 The beam was purified by 
two velocity spectrometers. 2 A E° hyperon ob- 
served during the run 3 and the preliminary cross 
sections 4 for various K~ reactions at 1.15 Bev/c 
have been reported previously. Reaction (1) was 
the first one selected for detailed study, because 
it appeared to take place with relatively large 
probability and because the event, a 2-prong inter- 
action accompanied by a V, was easily identified. 
In a volume of the chamber sufficiently restricted 
so that the scanning efficiency was near 100%, 
255 such events were found. These events were 
measured, and the track data supplied to a com- 
puter which tested each event for goodness of fit 
to various kinematic hypotheses. The possible re- 
actions, the distribution of events, and the corres- 
ponding cross sections are given in Table I. An 
event was placed in a given category of Table I If 



the x 2 probability for the other hypotheses was 
< 1 %. It appears likely that the majority of the 
events in group (e) are also reactions of type (1). 
This belief is based on the following arguments: 
1. Since the kinematics of a Ajttt fit (four con- 
straints) are more overdetermined than those of 
a Z°7i7r fit (two constraints), it is relatively easy 
for a Aim reaction to fit a £°jrjr reaction, but only 



Table I. Distribution of events among different re- 
actions. 



Reaction 


No. of Cross 
events section 
(mb) 


(a) K~+£ — K'+p + ir- 


48 


2.0±0.3 


(b) K~+p-~ (A or Z°)+ir + + 7i~ + ir° 


39 


1.1±0.2 


(c)K~+p-~ 2° + 7r + + jr 


27 




(d) if~ + p — A + T+ + 7T" 


49 


4.1 ±0.4 


(e)K~+£ — (A or Z 0 )+ir ++ ir~ 


92 




Total 


255 


7.2 ±0.5 
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very few S° configurations can fit the Attjt reac- 
tions. 

2. The events of group (e) when treated as Z'-ntr 
reactions give a x 2 distribution which is much 
worse than that obtained when they are treated as 
Aim reactions. 

In what follows, the 141 events of groups (d) 
and (e) are treated as examples of reaction (1). 
We estimate that 10 to 15% are actually S° events. 

The energy distribution of the two pions in the 
K" -p barycentric system is shown in Fig. 1. • If 
the cross section were dominated by phase space 
alone, the distribution of the points on the two- 
dimensional plot of Fig. 1 should be uniform. 
This is clearly not the case. On the contrary, 
both the 7r + and the J7~ distributions have peaks 
near 285 Mev, such as would be expected from 
a quasi-two-body reaction of the type 

*r+£-r*±+ir+, (2) 

the Y* having a mass spectrum peaking at- 1380 
Mev. If the Y* of mass 1380 Mev breaks up ac- 
cording to 

F* ± -A° + 7r ± , (3) 

the pions from this breakup are expected to have 
energies ranging from 58 to 175 Mev in the K'p 



rest system. Those pions from (3) are well sepa- 
rated from the pions arising from reaction (2) in 
the energy histograms. 

The isotopic spin of this excited hyperon must 
be one, since it breaks up into a A and a w. Since 
the Y* is produced with a pion, also of isotopic 
spin one, the reaction could proceed either in 
the /= 0 or the 1=1 state. Therefore the ratio of 
Y* + to Y*~ will depend on the relative magnitude 
and phase of the two isotopic -spin amplitudes and 
thus could differ from unity. We observed 59 Y* + 
events and 82 Y*~ events, using the criterion for 
separation that the high-momentum ti meson is 
the pion from reaction (2). 

Figure 2 shows the distribution in mass of the 
Y* state (both Y* + and Y*~) including all 141 
events, again using the higher energy pion in 
each event to calculate the Y* mass. The experi- 
mental uncertainty in the mass for each event is 
small compared to the observed width of the 
curve. The curves of Fig. 2 are discussed later. 

Figure 3 shows production angular distributions 
for Y* + and Y*~ in the K'p rest system. Partial 
waves with / > 0 appear to be present, as would 
be expected since tik/m^c approximately equals 3. 
The difference between the Y* + and Y*~ angular 
distributions may reflect the different superposi- 



FIG. 1, Energy distribution of the 
two pions from the reaction K~ +/>-•- 
A + 7i + + TT", Each event is plotted only 
once on the Dalitz plot, which should 
be uniformly populated if phase space 
dominated the reaction. The two en- 
ergy histograms are merely one- 
dimensional projections of the two- 
dimensional plot, and each event is 
represented once on each histogram. 
The solid lines superimposed over 
the histograms are the phase-space 
curves. 
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FIG, 2. Mass distribution for Y and fitted curves 
for irA and irp resonances. The lower scale refers only 
to the TiA resonance. Q is the kinetic energy released 
when either isobar dissociates. The curve for the 7rA 
resonances is fitted to the center eight histogram in- 
tervals of our data. The up curve is the fit obtained by 
Gell-Mann and Watson, 7 to up scattering data. Both fits 
are to the formula rj<xrt 2 r 2 /[(£ --Eo) 2+ i rl, where r 
= 2&(«A)Vll + (aA) 2 ]. 



tions of the Isotopic - spin zero and one amplitudes 
for the two cases. 

The following two methods were used in an ef- 
fort to determine the spin of Y*. 

(a) The angular momentum of Y* was investi- 
gated by means of an Adair analysis. 5 We first 
restricted ourselves to production angles with 

I cosfl I * 0. 8. For this angular range the Adair 
analysis should be valid if only S and P waves 
are present in the production process. We then 
computed r\ for each event, where 

„ = P K ..P A /(|P K .HP A I). 

Of the 29 events with |cos0|»O.8, the fraction 
0. 62 ± 0. 09 has 1 7) I * 0. 5. If the above - mentioned 
restriction on the angular interval is sufficient 
to insure the validity of the Adair analysis, this 
ratio is expected to be 0. 50 for j - 1/2 and 0.73 
for j- 3/2. The experimental result is thus -1.3 
standard deviations from both possibilities, and 
no conclusion may be drawn from the data. Simi- 
lar results were obtained for several larger val- 
ues of the cutoff angle. Presence of D waves, 
however, cannot be excluded by the production 
angular distributions (Fig. 3). If they are pre- 
sent, indeed, then none of these choices of angle 
would be sufficiently restrictive to guarantee the 
success of the Adair analysis. 

(b) Since Y* may be polarized perpendicular to 
its plane of production, correlations can exist be- 
tween the decay angle of the Y and the polariza- 
tion of the resulting A. Also, a net A polarization 
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FIG. 3. Angular distribution 
of Y* ± in the K~p barycentric 
system for the reactions K~ + p 
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can result. With our limited data, we see no 
statistically significant A polarization or angular 
correlations. 

However, one can also look for anisotropy, i.e., 
a polar-to-equatorial ratio, in the decay angle of 
Y* with respect to the normal to the plane of pro- 
duction. For spin 3/2, the distribution must be 
of the form A + ££ 2 by the Sachs-Eisler theorem, 6 
independent of the Y parity, where we have 

«=<v x v ) -V (| v x V |? A ,) ' 

and V a is the momentum of the particle a in the 
K'p barycentric system. 

Since the coefficient B is a function of the pro- 
duction angle, we want to restrict ourselves to 
that range of the solid angle where the polar-to- 
equatorial anisotropy is probably greatest along 
the normal to the production plane. For produc - 
tion angles near 0 deg and 180 deg (Adair-analy- 
sis region), one expects the polar -to -equatorial 
ratio to be most different from unity in another 
direction (namely along the direction of the beam). 
Thus the equatorial region of production angles 
is more likely to show a large anisotropy along 
the direction in question. Therefore the produc- 
tion-angle range sin0 * 0.866 was selected for 
study. We find the ratio of events with I % | > 0. 5 
to all events is 0.355. If the distribution is iso- 
tropic, as is required for spin 1/2, we expect 
0.500± 0.063 for our 62 events. The result is 
thus 2.3 standard deviations from isotropy. The 
45-to-l odds against isotropy overstate the case 
for higher spin because this is the fourth aniso- 
tropy looked for. 

Since Y* may be regarded as a hyperon isobar, 
which decays into a it and a A, it evidently cor- 
responds to a resonance in pion-hyperon scatter- 
ing. The mass distribution of Fig. 2 then invites 
a comparison to the cross section for pion-nu- 
cleon scattering in the 3/2 - 3/2 state. For this 
purpose a/>-wave resonance formula employed 
by Gell-Mann and Watson 7 for pion-nucleon scat- 
tering was fitted to our jrA data by using the eight 
central histogram intervals of Fig. 2. In fitting 
the curve, it was found that the interaction radi- 
us (a) could be varied over a wide range without 
changing the goodness of fit appreciably, provided 
that the reduced width (b) was also changed appro- 
priately. The radius parameter was therefore 
fixed arbitrarily at h/m^c. Table II summarizes 
our results for Y* , along with those of Gell-Mann 
and Watson for the 3-3 resonance. 

Even if Y* does turn out to be a />-wave reso- 



Table II. Parameters for it - A and it -p resonance 
fitted to a<** 2 r ! /l(E -£|)> 2 + i r2 l> where T = 2b(aM) 3 / 
ll + fa/*)*]. 



Parameter 



ir-A 



Interaction radius a 

in units of ft/m^c 0.88 1 

Reduced width b (Mev) 58 33.4 

Resonance energy ,E 0 (Mev) 159 129.3 

Full width at half maximum (Mev) 100 64 

Lifetime (sec) ~ 10" M 



nance, there are still many reasons why the ?r - A 
resonance parameters must not be taken too liter- 
ally: (a) There is a small contamination of S°h7t 
events in our data, (b) A nonresonant background 
may be present, (c) The production matrix ele- 
ment for reaction (2) might well depend on the 
outgoing momentum, and hence distort the mass 
distribution of Y*. (d) Two thresholds for other 
possible decay modes of Y* appear within the 
mass interval covered by the resonance curve; 
i.e., the Sir mode threshold around 1330 Mev and 
the KN threshold around 1435 Mev. This must 
have some effect on the shape of the mass spec- 
trum as observed via the An decay mode, (e) Final- 
state pion-pion interaction could disturb the spec- 
trum, (f) Even when the two resonances, Y* + 
and F*",are well resolved in terms of intensity— 
as in our experiment— there can still be an appre- 
ciable interference between the amplitude in which 
the 7T + arises from reaction (2) and the tt" from 
reaction (3) and the amplitude in which the roles 
of the two pions are reversed. 

If we bear all these uncertainties in mind, the 
resemblance to the 3-3 resonance is certainly 
remarkable (Fig. 2). The resonance energies 
when expressed in terms of barycentric kinetic 
energies differ by only 30 Mev, which is much 
less than the width of either resonance. Further- 
more, the widths are at least comparable. 

These results are strongly reminiscent of the 
concept of global symmetry which predicts two 
spin 3/2 pion-hyperon resonances, one with T = l, 
the other with T = 2. 8 These are the hyperon 
counterparts of the J=T = Z/2 resonance of the 
pion-nucleon system. On the other hand, the pos- 
sibility that Y* is a J= 1/2 resonance cannot be 
excluded on the basis of our data. The concept 
of pion-hyperon resonance in either J= 1/2 or 
3/2 state has been discussed recently by several 
authors. 9 
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A study of e' ti* n° events in our experiment is 
under way at present. The results, however, are 
too incomplete for us to be able to draw any de- 
finite conclusions. 

The authors are greatly indebted to the bubble 
chamber crew under the direction of James D. 
Gow for their fine job in operating the chamber, 
especially Robert D. Watt and Glen J. Eckman 
for their invaluable help with the velocity spectro- 
meters. We also gratefully acknowledge the co- 
operation of Dr. Edward J. Lofgren and the Beva- 
tron crew, as well as the skilled work and co- 
operation of our scanning and measuring staff. 
Special thanks are due the many colleagues in our 
group who developed the PANG and KICK computer 
programs -especially Dr. Arthur H. Rosenfeld, 
and to Dr. Frank Solmitz for many helpful dis- 
cussions. 

One of us (P.E.) is grateful to the Philippe's 
Foundation Inc. and to the Commisariat a l'Energie 
Atomique for a fellowship. 
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In a continuation of the study of the interaction 
of 1.15-Bev/c K ' mesons in hydrogen by means 
of the Lawrence Radiation Laboratory 15- inch 
hydrogen bubble chamber, we now report a study 
of the reaction 1 



K' +p-K° + Tr-+p. 



(A) 



Examples of this reaction were easily identified 
in those cases in which the K° decayed into 
charged pions and appeared in the chamber as 
a two-prong interaction associated with a V. A 
kinematic analysis isolated 48 events of reaction 
(A) from other events with similar topology. 2 In 
only one case was the identification not unique. 
Correcting for neutral decays of the K° and for 
escape from the chamber, we find a total cross 
section of 2.0 ±0.3 mb for Reaction (A). 

The events are shown on a Dalitz plot in Fig. 1. 
If the reaction were entirely dominated by phase 
space, the Dalitz plot would be uniformly popu- 
lated. Instead, a strong clumping around proton 
kinetic energy of 20 Mev is observed. This effect 
cannot be explained by an interaction matrix ele- 
ment that increases monotonically with decreas- 
ing proton energy. Whereas an extrapolation 
from the region 15 Mev * T/, « 25 Mev would lead 



one to expect a minimum of 16 events in the re- 
gion Tp * 15 Mev, only three are found there. No 
experimental bias against very low energy pro- 
tons in the K-p center-of-mass system can exist, 
since such protons have laboratory- system mo- 
menta of approximately 600 Mev/c, and are 
easily identified. The observed distribution can 
best be explained by a quasi-two-body reaction 
of the type 



K'+p-K ' +p, 
followed by a decay, 

K*--K°+t,-. 



(B) 



(C) 

The 3-3 resonance of the pion-nucleon system 
would show itself on the Dalitz plot as a concen- 
tration of points along the diagonal line drawn 
through Fig. 1. The absence of any evidence for 
this resonance in our data can be explained if 
Reaction (A) proceeds primarily through the / = 0 
channel, which cannot produce ap-i" system in 
the 7 = 3/2 state. Further , even in the 7 = 1 chan- 
nel, the 3-3 resonance favors (n+ 7r°)+/?°over 
(p + y~)+K°, and hence provides additional sup- 
pression of this resonance. 

The mass distribution of the K*~ is shown in 
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FIG. 1. Phase-space 
plot of the 48 examples of 

K~+p-~ K° + Tt+p reactions. 




Fig. 2. The mean value is 885±3 Mev. After 
removing the number of background events esti- 
mated from the phase-space distribution and un- 
folding the experimental error on each of the re- 
maining 22 events (typically 3 to 4 Mev), we ob- 
tained a full width at half maximum of 16 Mev, 
corresponding to a lifetime of 4xl0~ 23 second. 
The angular distribution for Reaction (B) is 
consistent with isotropy. Assuming that the K*~ 
system is produced predominantly in the s state 
(which appears likely both because of the close- 
ness to the threshold and because of the isotropic 




640 680 



720 760 800 840 
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FIG. 2. Mass spectrum of the K°-7r~ system. The 
solid line represents the phase-space curve normalized 
to background events. 



distribution), we can obtain an upper limit of the 
K* spin S. If S = 0, then the reaction can be pro- 
duced only through the p^ ingoing channel; if 
S = 1, through Syz and d 3/2 , etc. In any case the 
decay angular distribution 3 is given by 



i(e) = 



\aY g Q (6,<t>)\ 



\bY s 1 (6I, 0)l 2 , 



(1) 



with |a! 2 + \b\ 2 = l, where a = 1 for S = 0. Here B 
is the angle of the K" in the K*~ rest system with 
respect to the incoming K" direction. The mean 
value of cos 2 0, based on the distribution function 
(1), is 

(2S 2 + 2S-3) + 2|q| 2 
4S 2 + 4S - 3 



<cos 2 e>=- 



(2) 



Experimentally, (cos 2 0) for the 21 events lying 
in the K*~ mass range between 870 and 900 Mev 
is 0.275. Using S = 2 in Eq. (2), we find the ex- 
pected value of (cos'e} * 0.429, with a standard 
deviation of 0.051. The experimental result thus 
deviates from the range of values expected for 
S = 2 by three standard deviations. For S > 2 the 
discrepancy is even greater. On the other hand, 
the experimental result is consistent (within 
errors) with S = 0 or S =1. It is worth noting that 
an isotropic decay distribution is obtained both 
for S-0 and for S = 1 if the rf 3/2 input channel does 
not contribute. For this reason, ifS = 0, experi- 
ments at several momenta will be required to 
settle this problem. 

Assuming that the K~ and^° are an isotopic- 
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spin doublet, and 1 = 1/2 for the K*~ isotopic 
spin, the branching ratio R = (K*~ —K'-i- w 0 )/ 
(K*-*K° + t,-) equals 1/2; for 7 = 3/2^ R = 2. In 
either case another charge state of K* , namely 
K*°, should exist and decay into K~ + it+ or K° + tt°. 
The value of this branching ratio, also, depends 
on the isotopic spin of the K *. 

To investigate the isotopic spin properties of 
the K* , we searched for examples of the following 
two reactions: 



K~ +p~K~ + T,°+p, 
K~ +p -*K ' + 7r + +n. 



(D) 
(E) 



These events appear as two-prong interactions 
and are much more difficult to identify than the 
events already discussed, since there are usually 
several possible interpretations for each inelastic 
two- prong event. In particular, there was a pion 
contamination of about 10% in our incident K ' 
beam, and the inelastic pion interactions are 
kinematically very similar to Reactions (D) and 
(E). Both the kinematic fits and the ionization of 
the tracks were used to identify the events, but 
these criteria were not always sufficient to dis- 
tinguish between various hypotheses. At present 
we have processed only about 2/3 of our two- 
prong interactions, but we feel that the data ob- 
tained are reasonably unbiased. 

In both Reactions (D) and (E) there are peaks 
in the nucleon kinetic energy distribution in the 
K * resonance region. On the basis of the number 
of events in the proton peak of Reaction (D), our 
present data allow us to make a crude estimate 
of the branching ratio: R = 0.75± 0.35. The data 
thus strongly favor the 7 = 1/2 state. 

The experimental production ratio of K* via 
Reactions (A) and (E) is about 1, and is thus con- 
sistent with the production of the K* through a 
pure isotopic spin state. 

An 7=1/2 particle, called the K' , with negative 
parity with respect to the K meson, has been in- 
voked by Tiomno to explain the backward A peak- 
ing in associated production. 4 Gell-Mann postu- 



lated the existence of such a particle to permit 
the construction of a strangeness-violating weak- 
interaction axial current. 5 The K* that we have 
observed has properties consistent with those 
postulated for the A', but, as discussed above, 
the K* spin and parity remain to be established. 

As in our previous communication, we acknowl- 
edge gratefully the assistance of the many people 
who helped us to obtain and analyze these data. 
One of us (P.E.) is grateful to the Philippe's 
Foundation, Incorporated, and to the Commi- 
sariat a 1' Energie Atomique for a fellowship. 
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Since the earliest data became available on pion 
production by pions, certain features have been 
quite clear. The main feature which is strongly 
exhibited above energies of 1 Bev is that collisions 
are preferred in which there is a small momentum 
transfer to the nucleon. 1 This is shown by the nu- 
cleon angular distributions which are sharply 
peaked in the backward direction. These results 
suggest that large-impact -parameter collisions 
are important in such processes. The simplest 
process that could give rise to such collisions is 
a pion-pion collision with the target pion furnished 
in a virtual state by the nucleon. The quantitative 
aspects of such collisions have been discussed by 
a number of authors. Goebel, Chew and Low, and 
Salzman and Salzman 2 discussed means of extract- 
ing from the data the n-tr cross section. 



628 



Holladay and Frazer and Fulco 3 deduced from 
electromagnetic data that indeed there must be a 
strong pion-pion interaction. In particular, Frazer 
and Fulco deduced that there probably was a reso- 
nance in the 7 = 1, J=l state. A qualitative set of 
n-p phase shifts in the 400-600 Mev 4 region were 
used by Bowcock et al. 5 to deduce an energy of 
about 660 Mev in the ir-n system for the resonance. 
The work of Pickup et aL 6 showed an indication of 
a peak in the tt-tt spectrum at an energy of about 
600 Mev. 

The present experiment was designed to explore 
the 7T-7T system up to an energy of about 1 Bev. 
The 7T* beam was produced by the external proton 
beam No. 1 at the Cosmotron. A suitable set of 
quadrupole and bending magnets focussed the pion 
beam on a Hevimet slit about 10 ft from the Adair- 
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Table I. Ratios of final states. 
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FIG. 1. The angular distribution of the nueleons from 
the processes n~+p-^ 7i~ + 7r°+p and ji~+/>-*- 7t~ + tt + + w. 



Leipuner 14 -in. H 2 bubble chamber. The pions 
were guided into the chamber by another bending 
magnet. The measured momentum was 1.89 ±0.07 
Bev/c. 

Events selected for measurement were taken in 
a fiducial volume of the chamber. The forward - 
going track was required to be at least 10 cm 
long. Measurements were made on a digitized 
system and the output was analyzed by use of an 
IBM-704. The events were analyzed by means 
of a program based on the "Guts" routine written 
by members of the Alvarez bubble chamber group. 

Figure 1 shows the combined angular distribu- 
tion for the nueleons from the two processes, ir" 
+p"ir~ + ;r 0 +p and ir" + £-*7r" + 77 + +M, which appear 
to be Identical within statistics. The results in- 
dicate a large number of events with small mo- 
mentum transfer to the nueleons. 

We concentrate our interest on those events 
with small momentum transfer since these events 
satisfy the qualitative criterion of being examples 
of it -it collisions. Somewhat arbitrarily, we cen- 
ter our attention on cases in which the momentum 
transfer to the nucleon is less than 400 Mev/c. 
Table I gives the ratios of the three possible final 
states % ~ir + n, ir~ir°p, and ttVm, assuming the 77-77 
scattering to be dominated, respectively, by the 
1 = 0, 1, 2 scattering states of the 77-77 system. 

The experimental results in the last column in- 
dicate a strong domination by 1 = 1 state. For the 
/= 1 state the basic rr-rr scattering cross sections 
<j(n -jt°- 77 ~ir°) and a(77-77 + »77-77 + ) are equal. 



Experiment 
1 = 2 (As 400 Mev/c) 
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The nucleon four -momentum transfer spectrum 
seems to be in qualitative agreement with the 
theory for the process in which a if is knocked 
out of the cloud. Figure 2 shows ideograms for 
the mass spectrum of the di -pions for cases with 
A «400 Mev/c and A>400 Mev/c, where A is the 
four-momentum transfer to the nucleon. The curve 
for A « 400 Mev/c clearly shows a peak at 765 
Mev/c. In the ideogram for A >400 Mev/c the 
peak is still present but seems to be smeared to 
higher values of the di-pion mass, m*. One wor- 
ries that diagrams other than the one involving 



250 

200- 

150 
100 



a s 400 Mev/c 
104 Events 
D = One Event 




FIG. 2. The combined mass spectrum for the ir"ir° 
and 7r~7r + system. The smooth curve is phase space 
as modified for the included momentum transfer and 
normalized to the number of events plotted. Events 
used in the upper distribution are not contained in the 
lower distribution. 
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one-pion exchange might be contributing to the 
observed peak in this m* spectrum. In particular, 
an important contribution at lower energies comes 
from a diagram in which one of the it's rescatters 
off the nucleon and ends up in the 3-3 state with 
respect to the nucleon. If one restricts the data 
to cases with A « 400 Mev/c this diagram does 
not seem to be very important, but if one takes 
cases with A>400 Mev/c many cases consistent 
with rescattering are found. 

In order to deduce values of the tt-ji cross sec- 
tion, we use the formula 2 



d 2 a _3/ 2 



dm*dK 2 t, (A^+l) 






Ko 



where a T . ff is the mean of a(7r"7T°-i7"7T 0 ) and 
o-(i7"ir + -Tr"Tf + ). In the above formula all momenta 
and energies are measured in units of pion masses. 
q.. = momentum of the incoming pion measured in 
units of the pion mass. K = momentum of the pions 
in the di-pion center-of-mass system. Then 
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FIG. 3. The ir-ii cross section as deduced from cases 
with the four-momentum transfer less than 400 Mev/c „ 



The results of this calculation using the experi- 
mentally determined 6<j's are shown in Fig. 3. 
The results indicate a peak in the neighborhood 
of 750 Mev with a width of 150-200 Mev, which 
is about 3/4 of what it would be (12 tX 2 ) for a 
resonance in the 7=1, J= 1 state. Since this 
cross section was determined off the energy 
shell, it is difficult to estimate the effect of the 
interference of other diagrams and also the effect 
of line broadening. 7 Whether or not the other 
peak and the S-wave scattering indicated in Fig. 3 
are real will have to await better statistics for 
verification. 

We wish to acknowledge with gratitude the help 
and cooperation of R. K. Adair and L. Leipuner 
in the use of their bubble chamber, and to the 
latter also for his assistance in adapting the "Guts" 
routine to our use. We also acknowledge the help 
of J. Boyd, J. Bishop, P. Satterblom, R. P. Chen, 
C. Seaver, and K. Eggman in measuring, scanning, 
and tabulating. We were greatly aided by Dr. J. 
Ballam and Dr. H. Fechter in setting up the beam. 
We have had helpful conversations with Dr . R. K. 
Adair, Dr. C. J. Goebel, Dr. M. L. Good, and in 
particular Dr. G. Takeda. 
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The existence of a heavy neutral meson with 
T= 0 and J= 1" was predicted by Nambu 1 in an at- 
tempt to explain the electromagnetic form factors 
of the proton and neutron. Chew 2 has pointed out 
that such a vector meson should exist on dynami- 
cal grounds as a three -pion resonance or a bound 
state. Such a particle is also expected in the vec- 
tor meson theory of Sakurai 3 and, as a member 
of an octet of mesons, according to the unitary 
symmetry theory 4 ; and for other reasons. 5 We 
will refer to it as u>. 

Previous searches 8 for ui have primarily been 
confined to the mass region m w < 3u, with u = the 
pion mass, where only the following radiative de- 
cay modes are allowed: U)-»J7° + y, U)->-277 0 + y, 
and a)-Mr + + 7r"+y. The u cannot decay into two 
pions. 

The present search was made assuming m a 
>3w„, where the decay 

U> -* 77 + + 77 " + 77° (1 ) 

is possible. 7 We have searched for such a 3 -pion 
decay mode by studying the effective mass distri- 
bution of triplets of pions in the reaction 



/>+£-•■ 77+ 77+7T"+77~+ 77° 



(2) 



We have measured 2500 four-prong events pro- 
duced by antiprotons of 1.61 Bev/c in the 72 -inch 
hydrogen bubble chamber. 8 The cm. energy is 
2.29 Bev. Upon fitting these 2500 four-prong 
events by using our kinematics program KICK, 
800 four -prong events had a x 2 * 6.5 for hypothe- 
sis (2) and would not fit the hypothesis that no ir° 
was produced (610 of these 800 had a x 2 <2.5). 

The 800 four -prong events must have some 
small contamination of events in which two 77°'s 
were produced, but inspection of the "missing 
mass" distribution convinces us that it is <7%. 
Other tests confirm this low contamination. For 
example, the angular distribution of the tt° is sym- 
metric within statistics, and the momentum of the 
17° resembles the momentum distribution of the 
charged pions. 

We have evaluated the 3 -body effective mass, 



M 3 =[(E 1 +£ 2 +£ s ) 2 - (P 1 + P 2 +P 3 ) 2 f 



(3) 



for each pion triplet in Reaction (2). Each of the 
800 four -prong events yields ten such quantities 
corresponding to the following charge states: 



\Q\ 



'77° (800x4 combinations), (4) 
= 1: n*!!*!!* (800x4 combinations), (4') 



and 



|Q I = 2: 77*77*77° (800x2 combinations). (4") 

For each value of M 3 as given by Eq. (4) we can 
calculate an uncertainty 6M 3 , by using the vari- 
ance -covariance matrix of the fitted track varia- 
bles, which is evaluated by KICK. By using these 
6M S we have formed the resolution function of M 3 , 
and find that it has a half -width at half -maximum, 
r reso j/2, equal to 8.7 Mev. However, our input 
errors to KICK allow only for Coulomb scattering 
and estimated measurement accuracy, and do not 
account for optical distortion and unknown system- 
atic errors. For example, our distributions have 
the correct shape but are too wide by a scale fac- 
tor of about 2. This suggests that our average in- 
put error is too small by about /2. Hence, our 
estimate of 6M 3 must be increased by about V2, 
and of r reso i/2 to 12 Mev. We chose 20-Mev his- 
togram intervals for plotting our M 3 distribution. 

In Fig. 1 we have plotted the M 3 distributions 
for the 800 Reactions (2). Distributions 1(A) and 
1(B) are for charge combinations IQ I = 1 and 2, 
respectively. The solid curves are an approxima- 
tion to phase space. 

The neutral M 3 distribution, 1(C), shows a peak 
centered at 787 Mev that contains 93 pion triplets 
above the phase -space estimate of 98. To contrast 
the difference between the neutral M 3 distribution 
and that for \Q | > 1, we have replotted at the bot- 
tom of Fig. 1 both the neutral distribution and § 
the sum of the IQ I = 1 and \Q I = 2 distributions. 

Figure 2 shows the M 3 spectra with phase space 
subtracted. The absence of the peak in the \Q \ >0 
distributions determines the isotopic spin of the 
resonance, 

T =0. 

to 

The x 2 distribution of the events in the "peak 
region" was compared with the x 2 distribution of 
the events in the adjacent "control region, " rang- 
ing from M 3 s 820 to M 3 < 900 Mev. These distri- 
butions agree with each other, which indicates 
that the events in the peak are genuine, rather 
than being caused by some unknown background 
reaction which was misinterpreted as Reaction 
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FIG. 1. Number of pion triplets versus effective 
mass (M 3 ) of the triplets for reaction f+jj — 2n + + 2»~ 
+ A (A) is the distribution for the combination (4'), 
lei = 1: (B) is for the combination (4'), lei = 2; and (C) 
for (4), 8 = 0, with 3200, 1800, and 3200 triplets, re- 
spectively. Full width of one interval is 20 Mev. In 
(D), the combined distributions (A) and (B) (shaded 
area) are contrasted with distribution (C) (heavy line). 



(2). The missing -mass distributions in the two 
regions also agree with each other, thus support- 
ing the above conclusion. 

The peak in Fig, 2{B) appears to have a half- 
width r/2< 15 Mev. This is so close to our reso- 
lution, r reso i/2, of 12 Mev that we cannot unfold 
it without further study and at present can only 
conclude that 



M = 787 Mev, 



and 



r/2<15Mev. (5) 

By using the uncertainty principle, we see that 
this half -width implies a mean life t>4x10" m 
sec. Our id's are produced with a typical cm. 



02 0.4 o£ 06 i.o i.g i.4 i.s i.b £,o a.g 




08 To~t2 \A 16 lis 
Effective mass.Mj (Bev) 

FIG, 2. (A) JW S spectrum of the pion triplets in the 
combined distributions 1(A) and 1(B), with the smooth 
curve subtracted. (B) M a spectrum of the neutral pion 
triplets in distribution 1(C), again with the smooth back- 
ground subtracted^ a resonance curve is drawn through 
the peak at 737 Mev with T/2 - 15 Mev, The error flags 
are VW, where W Is the total number of triplets per 20- 
Mev interval before subtraction of the smooth back- 
ground curve. 



momentum of 800 Mev/c , so that in a mean life 
they travel farther than 13 f. 

We now assume that the ti> peak is real, and 
want to estimate how many w mesons it contains. 
As shown in Fig. 1(C), 191 triplets have M a val- 
ues between 740 and 820 Mev. {We call this the 
"peak region.") However, these 191 triplets 
come from only 170 different four -prong events 
[i.e., 21 Reactions (2) have two values of M s in 
the peak region]. We use the charged M s distri- 
bution to estimate the background in the interval 
as 98 triplets, and then calculate a production of 
83 ± 16 u> mesons out of 800 Reactions (2); i.e., 
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(10 ±2)% of Reactions (2) proceed via 
p+p- it + + t"+ix>. 



(6) 



Among the same 800 five-pion events, we have 
searched for-and found-the T = J = 1 pion-pion 
resonance (p meson). 9 We found that approximate- 
ly 30% of them proceed via 



p+p-*2ir + p. 



m 



We have checked whether there is any correlation 
between the observed p mesons and the ix> mesons. 
For each triplet inside the peak region, 740 «M 3 
< 820 Mev, we have evaluated the effective mass 
of the remaining u + ir~ doublet, M 2 . The M 2 dis- 
tribution is consistent with a continuum, starting 
from about 300 Mev, that has (10± 2)% of the doub- 
lets with values of M 2 in the region of p, which we 
took to be 750 ± 50 Mev. There is no evidence that 
the to and the p are produced in association. 

Although the masses of u and p differ by only 
35 Mev, we believe that they cannot be the same 
particle, because of their different widths (the 
r/2 for p being 40 Mev), isotopic spin, and G- 
conjugation parity-which forbids 27r-»3ir. 

In referring to the T = 0 3tt resonance asio, we 
have tacitly supposed that it is in fact a vector 
state with J = 1". However , the spin and parity 
must be decided by experiment. Even if we as- 
sume the spin is <2, there are left three possibil- 
ities which are listed in Table I. A T = 0 state of 
three pions must be antisymmetric in all pairs; 
hence all three pions must have different charges, 
i.e., 7i 0 7r°u 0 is forbidden. The matrix element of 
the 7T + ]T"7r 0 state is conveniently analyzed in terms 
of a single pion plus a di-pion. The pions of the 
di-pion are assigned momentum Pand angular 
momentum L (in the di-pion rest frame). Then 
another pair of variables, p and 1, describe the 
remaining pion in the 3n rest frame. Because the 
state is antisymmetric in any pair, L must be odd; 
henceforth, we assume L-\. Then if Z = 0 we 
have at/=l" (i.e., vector) matrix element, as 



listed on the bottom line of Table I. Since three 
pions are involved, there is an intrinsic parity of 
(-1) 3 , so that the corresponding "meson" is not 
V, but A. 

If I = 1 , the matrix element can be 1+ (axial) or 
0+ (scalar) corresponding, respectively, to a vec- 
tor meson (u>) or a pseudoscalar {PS) meson. 

Do we have enough data to distinguish between 
totally antisymmetric A vs S vs V matrix ele- 
ments ? It is convenient to make a Dalitz plot 10 
[Fig. 3(D) for the peak region events, 3(A) for the 
control region events] that displays the threefold 
symmetry of three pions in an antisymmetric 
state. Unit area on a Dalitz plot is proportional 
to the corresponding Lorentz -invariant phase 
space, so that the density of plotted points is pro- 
portional to the square of the matrix element. It 
is easily shown that the size of the figure is pro- 
portional to T l +T z +T a = Q = m M - (2m 7r ± + m 1 ,o). il 
Because of the finite width of the peak and the 
control regions, Q varies from event to event, so 
we use normalized variables, Tj/Q. The antisym- 
metry allows the plot to be folded about any medi- 
an, so that in Figs. 3(C) and 3(B) all the data have 
been concentrated into ^ of the plot area; the sta- 
tistical distribution of the events is then more evi- 
dent. 

All three competing matrix elements, being anti- 
symmetric, must vanish where any two pions 
"touch" in momentum space. If two pions touch, 
the third must have its maximum kinetic energy 
[regions (d), (f), and (b) on the plot]. The reso- 
nance region points [Figs. 3(C) and 3(D)] seem to 
show the required depopulation at points (d), (f), 
and (b). 

More evident, however, on the plot is the fact 
that near p = 0 [points (a), (c), and (e)] the densi- 
ty of peak -region points is only one half of that on 
the control plot. This is all the more suggestive 
when it is remembered that even the peak -region 
data contain only (43 ± 7)% resonance events. This 
depopulation at p = 0 suggests an angular momen- 



Table I. Possible three-pion resonances with T = 0, */*=!, 



Meson 
Type, J 



1, L 



Matrix element 
Type, J Simple example 



Vanishes at: 



V, 1- 


1,1 


A, 1+ 


PS,0- 


1,1 


s,o+ 


A,l+ 


0,1 


V,l- 



EJPt x P + ) +£o(P + x P.) +-E+(P- ' 

(£.-£ 0 )(£ 0 -£ + )(£ + -£J 
£_(Po - P+) +-Eo(P+ - P-) + -E+(P. " 



whole boundary 

a,c,e + b,d,f 

b,d,f only 
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FIG. 3. (A): Dalitz plot of 171 
triplets from the control region 
(820«M 3 <900); (B): folded con- 
trol region plot; (D): Dalitz plot 
for 191 triplets in the peak re- 
gion, 43 ± 7% of which are due to 
a) mesons; (C) folded peak region 
plot. T + ,T_, and T 0 are kinetic 
energies of the it + ,n~ , and it 0 , 
respectively. 



turn barrier (Z > 0) and constitutes mild evidence 
against a V matrix element (A meson). 

The two stronger remaining candidates have 
A vs S matrix elements. The dashed lines in Fig. 
3(D), as well as the two straight lines of the fold- 
ed distribution in Fig. 3(C), correspond to equal 
energies of two pions. The scalar matrix element 
(S) of Table I vanishes when any two pions have 
the same energy, and therefore would require de- 
population along these lines. This is not observed. 
An A matrix element has terms in PjXpV which 
vanish for collinear pions. The boundary of the 
plot represents collinearity, and seems indeed to 
be depopulated; although clearly more statistics 
and more detailed analysis such as investigation 
of polarization and alignment are needed. 

We conclude that the data fit the qualitative cri- 
teria for an axial vector matrix element (a> me- 
son); there is reasonable evidence against both 
an A meson and a PS meson. 

The film used in this measurement was obtained 
in collaboration with J. Button, P. Eberhard, 
G. Kalbfleisch, J. Lannutti, G. Lynch, and N. H. 
Xuong; and this experiment would not have been 
possible without their help. It is a pleasure to 
thank Professor Murray Gell-Mann for his theo- 
retical discussions. We wish to acknowledge the 
active participation of C. Tate, L. Champomier, 
A. Hussain, C. Rinfleisch, and F. Richards in the 
final stages of this experiment. 
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A study has been under way of multipion reso- 
nances in 7T + +d reactions observed in the Law- 
rence Radiation Laboratory 72 -in. bubble chamber 
exposed to a 1.23-Bev/c pion beam from the Beva- 
tron. A preliminary report on this research was 
given at the Aix-en-Provence Conference on Ele- 
mentary Particles 1 where the existence of the u)° 
meson reported by the Berkeley group 2 was con- 
firmed. Since then these data have been substan- 
tially increased, although the experiment is still 
in progress. The existence of a second neutral 3 - 
pion resonance with a mass of approximately 550 
Mev is indicated by this larger sample of events. 

Many authors 3 have speculated on the existence 
of neutral, strongly interacting bosons of mass of 
the order of 3-4M,,, in order to fit the data for nu- 
cleoli form factors obtained from electron scatter- 
ing experiments. These bosons could be readily 
identified experimentally in the reaction 



n + +d-+p+p+X° 



(1) 



In order to observe the possible decay mode, 

X°-7r + + 7r + 7i°, (2) 



we consider the reaction 



77 + +d-»-/> + /< + 7T + + 7r" + 7r 0 . 



(3) 



Only events where both protons are visible and at 
least one proton stops in the chamber with a range 
less than 15 cm were accepted for analysis. 4 

The events were measured with a digitized mi- 
croscope and reconstructed by the Berkeley PANG 
program. A kinematic fit 5 was obtained for the as- 
sumed -a" using the KICK program, and the effec- 
tive mass of the fitted 3 -pion system was then cal- 
culated. In order to check the identification of the 
a 0 , we have calculated the missing neutral mass 
for events which fit our criteria. An ideogram 6 
for this missing neutral mass is given in Fig. 1 
for the first 199 of our events. 

Figure 2 is a histogram of the effective mass of 
the 3 -pion system for our 233 events. An average 
mass uncertainty on a given event is ~±20 Mev. 
The large peak near 770 Mev is clearly identifiable 
as the oj°. Another large peak in the 3 -pion mass 



plot of Fig. 2 is seen near 550 Mev, which strong- 
ly suggests the existence of a second 3 -pion reso- 
nance (or particle). We shall hereafter refer to 
this particle as r). 

In order to estimate the number of events in this 
peak which are reasonably due to the 7) particle, 
we make the following interpretation of our data. 
We believe the impulse approximation is reasona- 
bly valid because of the loose structure of the deu- 
teron. Thus the basic reaction we are looking at 
is 



n+ + n~p+X", 



(4a) 



j 10 massz (mev * i0 2 ) 2 
300 Mass (mev) 



FIG, 1. Ideogram of the missing mass in the reaction 
(ii + + d^p+p +7r + + 7r~+ missing mass) for 199 events 
which meet the selection criteria. 
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Phase Space Normalized 
to 233 Events 
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Effective Mass in the 3rr System (Mev) 

FIG. 2„ Histogram of the effective mass of the three- 
pion system for 233 events. 



where 



X°- 



7T +7T + 1T 



(4b) 



We have calculated the Lorentz -invariant phase 
space 7 for the 3 -pion mass from the background 
reaction to (4a), i.e., 



7T +n-*p + 1j' t ' + T: 



(5) 



using the experimental average of the total energy 
in the p-3n center -of -mass system (1850 Mev). 
This curve, normalized to the total number of 
events, is plotted in Fig. 2. 

Clearly, because of the presence of the a) 0 par- 
ticle at 770 Mev, such a normalization of phase 
space yields a gross overestimate of events ex- 
pected near 550 Mev. Between 540 and 600 Mev 
there are 36 events in the experimental distribu- 
tion, whereas the overestimated phase space 
would account for 12. 

An analysis of the data, which takes into ac- 
count the spread in errors on the individual events 
on the histogram, gives a mass of approximately 
764 Mev with a half -width at half maximum of 
«20 Mev for the u>° and a mass of -546 Mev with 



a half -width at half maximum of «25 Mev for the 

n- 

An attempt is being made to determine the iso- 
topic spin for both peaks by studing the reaction 

7T + +d -*-/>+7T + +7T + + 7T" +tt. (6) 

Only 61 events were found in an analysis of one- 
half the film represented by Fig. 2. The low yield 
is probably indicative of the lack of any resonance 
in the isotopic spin states 1 and 2. This is in ac- 
cord with the Berkeley assignment of T = 0 to the 
a; 0 . 

A search for the 7r°+y decay mode of the w° and 
r] is being carried out by a study of events of the 
type 

(7) 



ir + +d-*p+p + (neutrals). 



The results will be available shortly. 

The proton form factor F\p obtained from 
electron scattering experiments 8 cannot be fitted 
using only the u>° and p particles. 9 However, a 
three -pion resonance of mass «4m7r having T=0 
and spin 1" would make a fit to the data possible. 10 
With the film on hand we expect to more than dou- 
ble our statistics, so that a determination of the 
isotopic spin and spin of the -q may be possible 
to see whether it fits these theories. 
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In a sample representing one-fourth of the film re- 
ported here, the requirement that one of the protons had 
to stop with a range ^15 cm was removed. The results 
agree within statistics with those reported here. 

5 Events were accepted for analysis which fit the fol- 
lowing criteria: {a) x 2sS 6 for the hypothesis it + + rf— - 
^+^ + 7r + + 7r" + 7r°. (b) x 2> 25 for the hypothesis ir + + d 
~~*P +P +n + + #"". (c) If the nonstopping proton had a mo- 
mentum ^700 Mev/c, where it becomes difficult to differ- 
entiate a proton from a it + by ionization in this chamber, 
then the x 2 had to be greater than 15 for the hypothesis 
■n + + d-~p +n +7r + + 7r + + 7t", which is another background 
reaction under these circumstances. 

6 The ideogram was calculated in units of mass squared 
since our experimental errors are Gaussian in this rep- 



resentation. Each event was given a constant-area 
Gaussian distribution, 

7 M. M. Block, Phys. Rev. 101, 796 (1956); P. Sri- 
vastava and G. Sudarshan, Phys. Rev. 1_10, 765 (1958). 

8 R. Hofstadter and R. Herman, Phys. Rev. Letters 6, 
293 (1961); R. M. Littauer, H. F. Schopper, andR. R D 
Wilson, Phys. Rev. Letters 7, 141 (1961). 

S. Fubini, Proceedings of the 1961 Conference on 
Elementary Particles, Aix-en-Provence (to be pub- 
lished); P. T. Matthews, ibid.; G. Breit, Proc. Natl. 
Acad. Sci. U. S. 46, 746 (1960); Y. Fujii, Progr. 
Theoret. Phys. (Kyoto) 21 , 232(1959). 

10 G. Feldman, T. Fulton, andK 0 C. Wali (private 
communication); see also J „ Sakurai, Phys. Rev. Let- 
ters 7, 355 (1961). 
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EXISTENCE AND PROPERTIES OF THE <p MESON* 

P. L. Connolly, E. L. Hart, K. W. Lai, G. London.t G. C. Moneti.t R. R. Rau, 

N. P. Samios, I. O. Skillicorn, and S. S. Yamamoto 

Brookhaven National Laboratory, Upton, New York 

and 

M. Goldberg, M. Gundzik, J. Leitner, and S. Lichtman 

Syracuse University, Syracuse, New York 

(Received 27 March 1963) 



In a previous publication 1 we reported evidence 
for the existence of a resonance in the KK system 
(which we shall call the ip meson 2 ) with a mass of 
-1020 MeV and a width «20 MeV. The purpose 
of this Letter is to report additional data, the 
analysis of which confirms the existence of the 
resonance 3 and provides a conclusive determin- 
ation of the mass, width, parity, spin, isospin, 
and branching ratios of this resonance. In par- 



ticular we find M = 1019 ± 1 MeV, r = ltj (with 
r>0), parity (P) = -l, spin (J) = 1, isotopic spin 
(I) = 0, and charge conjugation (C) = -1. The 
vector nature of the q> clearly establishes that 
it is not related to the mass enhancement in 
the K l K 1 system observed by other groups. 4 

This experiment is part of a continuing study 
of the K~ -t> interaction 5 at 2.23 BeV/c. The 
data were collected in two exposures of the 20- 
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inch BNL hydrogen chamber at Brookhaven's 
AGS. Our study of the KK system Is based up- 
on the reactions 



K~ +p-A + K°+K°, 
K-+p~A+K + + K~. 



(1) 
(2) 



We shall refer to (1) as the "neutral channel" 
and to (2) as the "charged channel. " At present, 
the total analyzed data consist of channels (1) 
and (2) from the first exposure 6 and channel (1) 
from the second exposure; the numbers of events 
involved are summarized in Table I. A total of 
36 events in the neutral channel and 22 events 
in the charged channel have been analyzed. 

The general analysis procedure used to identi- 
fy events on the basis of x z fitting and ionization 
information is described in detail in a previous 
publication. 5 Background contamination and detec- 
tion bias are negligible. Owing to the difference 
in neutral missing mass, channel (1) events are 
easily distinguished from the competing reactions, 
tf-+/>-H° + A° and ir'+p-iA or S°)+A° (+n°). 
Competition from n~ +p - A+K° + 2ir° is negligi- 
ble due to the small pion contamination in the 
beam and the small phase space available for 
this reaction. This is further substantiated by 
the paucity of events of the type t~ +p - A+K" 
+ ir + *■*', only two such events occurring in the 
first run. The only significant background is 
due to the reaction K~ +p - S° +K° +K°, which 
we estimate on the basis of missing mass studies 
and other information to be -10%. Because of 
severe competition from other modes, candi- 
dates for channel (2) are used only if the A de- 
cays visibly. Due to the more frequent occur- 
rence of the topologically similar reactions K ~ 
+/> - A +7r + + 77 _ and K~ +p — A + n + + n" +77°, it was 
necessary to measure all events consisting of 
a V and two charged prongs. For those cases 
which were kinematically ambiguous it was al- 
ways possible to determine the AK + K events 
due to the difference in predicted ionization for 



NUMBER OF EVENTS 
4 8 12 




1.0 1.18 1.30 

M 2 (KK)xl0 6 (MeV) 2 
FIG. 1. Dalitz plot for the reaction K~ +p — A +K + K. 
The effective-mass distribution for KK and for AK + are 
projected on the abscissa and ordinate (see reference 7). 



the K's and it's. We therefore believe the charged 
channel to be free from bias. 

The Dalitz plot of the (squared) KK and AA 7 
effective masses of 58 events from both the neu- 
tral and charged KK channels is shown in Fig. 1. 
The enhancement over the phase -space distri- 
bution in the region M'(KK) = 1. 04 BeV 2 is ap- 



Table I. Summary of events from both exposures. 



No. of events 
Channel (1) 



No. of events 
Channel (2) 



No. of events 

in peak 

Channel (1) 



No. of events 

in peak 

Channel (2) 









Obs. 


Corrected 


Obs. Corrected 


First exposure 


14 


22 


9 


19 


14 23 


Second exposure 


22 


Not analyzed 


13 


Not 
Useful 


Not analyzed 
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parent, 8 as is the lack of any significant irregu- 
larity in the IvP(hK) distribution, indicating the 
absence of any appreciable AK-KK interference. 
A comparison of the observed q> peak with the 
K l K l enhancement found by Alexander et al. 4 
clearly indicates on the basis of widths alone 
that the two effects are different. 

We have examined the enhancement region of 
Fig. 1 by plotting an ideogram of M(KK) for 
events between 1000 and 1040 MeV. This dis- 
tribution peaks at 1019 ± 1 MeV and has an ob- 
served width of -10 MeV. We defer a discus- 
sion of the true width r since its determination 
is to some extent influenced by the spin quantum 
number assigned to the <p. 

First, we consider the parity of the ip, or that 
which is equivalent for a KK system, the charge 
conjugation number, C. Determination of C 
rests upon the observation by Goldhaber et al. 9 
that if the KK system has C =+1, it may decay 
into K 1 K l or KJC 2 , while if it has C = -1, it may 
decay only into K x K t . Taking account of these 
correlations we may compute, for both C =+1 
and C =-1 hypotheses, the expected rates of <p 
decay into the experimentally observable top- 
ological variations of final states of channel (1), 
which we label by their visible Vs as follows: 
AKj/f,, AK lt andtfj/T,. The predicted 10 relative 
rates of AK 1 K 1 , AK lt and K l K l are given in 
Table II. If these are compared with the ob- 
served rates, also given in Table II, one sees 
that the C =-1 hypothesis is in excellent agree- 
ment with the data, while the C =+1 hypothesis 
is in disagreement with the data by 12 standard 
deviations; this is just a reflection of the fact 
that there are 23 events in the peak which are 
AK V and not one AK l K l or K 1 K l . We conclude, 
therefore, that the <p has C =P = -1, or equiva- 
lents that its spin is odd, the most likely values 
being J = 1 or 3 . 

Information concerning the spin can be obtained 

Table II. Predicted and observed relative rates for 
different topological types of channel (1). 



from a consideration of the (relative) decay rate 
ctj, where 



Predicted Relative 






Rates 








C=+l 


Observed Relative 


Topological Type 


C =-1 


(K,X,) 


Rates 


of Channel (1) 


(K,X 2 ) 


(KjKj) 


For Events in Peak 


AK,K, 


0 


0.4 


0±0.04 


AX, 


1 


0.4 


1 ±0.2 


*A 


0 


0.2 


0 ± 0. 04 



J ip~K i K 2 +K' t K' 

In the absence of a K*K° mass difference and 
charge effects, the ratio a is clearly independent 
of J (in fact a =0. 5). The spin dependence of 
a , arises from the different angular momentum 
and Coulomb barriers appropriate to the (KJi^ 
and (K + K~) systems. Using an interaction radius 11 
of (2M ll )' 1 , a Coulomb correction of 4% for J= 1 
and 3% for J = 3, and center-of-mass momenta 
of P ± = 125 MeV/c and P 0 = 107 MeV/c, we esti- 
mate a j- J =0. 39 and aj = % = 0.26. From the 
(first exposure) data of Table I, after correct- 
ing for neutral modes and fiducial region dif- 
ferences, we find a eX pj = 0.45±0. 10. Compar- 
ing this with our theoretical estimates we see 
that the observed ratio of relative kaon decay 
modes is in good agreement with the J= 1 hy- 
pothesis and disagrees with that of J = 3 by ~2 
standard deviations. In principle further infor- 
mation on the spin can be obtained from the 
shape of the (p peak. If the <p meson has a fi- 
nite width, and if our experimental resolution 
is symmetric, then the observed shape of M{KK) 
should exhibit an asymmetry depending on the 
spin J. The MiK+K') and M{K°K°) distribu- 
tions in the form of Gaussian ideograms as well 
as their respective resolution functions 12 are 
shown in Fig. 2. In both instances there appear 
similar asymmetries. Since the phase-space 
background is extremely small (lj events) 
it is probable that the M(KK) asymmetry 13 re- 
flects the spin dependence of the <p decay. The 
experimental data was then fitted with both p- 
and rf-wave modified Breit-Wigner formula in- 
cluding the experimental mass resolution. Both 



; ' 


' ' 


1 1 


1 


; 


E 


1 K+K- 


K?i<| 




; 


\J 


,W 






: 



1010 1020 1030 0 1010 1020 1030 

M(K*K")MeV MCK°Kf)MeV 

FIG. 2. The solid curve is the Gaussian ideogram of 
the (KK) mass spectrum after subtraction of phase 
space. The dashed curve is the Gaussian ideogram of 
the {KK) mass resolution function. 
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spin-1 and spin-3 cases fit the data for slightly 
different values of the true width r T . Since the 
charged (K + K~) masses are considerably better 
determined (r + _ res = 3±l MeV) than their neu- 
tral (K?Kf) counterpart (r o5 res = 8±2 MeV), 
they constitute a more suitable sample from 
which to obtain Fj. Taking into account back- 
ground and statistical uncertainties we find Tj 
= lt^ MeV, and as argued above we believe rj->0. 

Next, we consider the isotopic spin of the <p. 
The strongest evidence concerning isospin comes 
from a determination of the G-parity (G). Since 
we have established that the <p spin is odd, then 
G = -(-1) . If the G-parity of the <p were +1, the 
G-allowed 2it decay mode would predominate 
over the KK mode. From the ratio of phase 
space and barrier penetration factors (for J= 1) 
we find that (Q ~ 2n)/{Q~KK) = 10 for an inter- 
action radius R = (l/2m 1! ) and increases to =20 
for R = {l/2mfc). We have searched for a 2-pion 
decay mode by investigating the M(n n ) distri- 
bution from the reaction 



we find an upper limit to the relative 2ir rate of 



K~ +/> — A + rr +n~ 



(3) 



The A7T + w" final state frequently results from 
the decay of a Y x * intermediate state," a circum- 
stance which would complicate the search for 
cp~2ti, therefore the K t * production events were 
removed on the basis of their M(Ajt) values (taken 
as 1385 ±40 MeV for present purposes). 15 The 
M(v + it~) distribution of the remaining events is 
shown as the solid curve of Fig. 3. There is 
no evidence of enhancement at 1020 MeV which 
would indicate A + <p production. We estimate 
that the 300-event sample of Fig. 3 (from the 
first exposure only) does not contain more than 
five ip -2ti events. From this, and the KK data 
of the first exposure (see Table I), taking into 
account corrections for unobservable modes, 



t I I I I rrrrmTi i i 

K + p — A°.i7% T - 

329 EVENTS 




FIG. 3, The M(7i + 77~) distribution from the reaction 
K~+p~* A + 7r + + n~ after removing Y t * production events 
(see text). 



/ tp~2Ti\ 5 

\<P-Kk)~ 19 + 



23 



<0.2. 



Since the discrepancy between this upper limit 
and the predicted lower limit of this G = +l de- 
cay is about 2 orders of magnitude, we conclude 16 
that the <p has negative G-parity, which implies 
isotopic spin 0. 

For a <p with negative G-parity and spin 1, the 
main competition to the KK decay mode is ex- 
pected to come from" 3ir decay, and in particu- 
lar from the mode cp— p + u. We have searched 
for the latter decay mode in the final state 

A + ir"+7T + + ?r 0 . (4) 

As discussed in an earlier publication, 5 only 
-60% of the final states (4) arise from the non- 
resonant reaction K~ +p - A + 1~ + it + + 77°. The 
remainder of the A + ff + + ir' + ti" final states re- 
sult from the decay of the following resonant 
intermediate states: (5) Y^ + ir + u or (6) A + a>, 
(7) A + <p, (8) A +p + n. In order to avoid cor- 
relations in the 3n system due to Y t * decay, the 
intermediate states (5), which may be recognized 
by means of a An effective mass" of 1385 ± 30, 
are removed from the sample of A + 7r + + ?r" +7r° 
final states. The 2n mass spectrum is searched 
for events with a p mass, taken 15 to be 750 ± 75 
MeV. For events satisfying these criteria, their 
37T effective mass spectrum, shown as the solid 
curve of Fig. 4, is examined for evidence of a 
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FIG. 4. The M(7r + 7i"7!°) distribution from the reaction 
K +p — A + 7?"*" + 7r~ + 7i° after removing Yj* production 
events {see text). 
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peak at the <p mass. There is a deviation at 
M(3tt) = 1020 MeV of about 1. 5 standard devia- 
tions above background and of width consistent 
with the experimental resolution at this mass. 
The sample of Fig. 4 representing all available 
data from the first exposure contains -10 <p~p 
+ n events. From this and the relevant KK data 
(see Table I) we find, correcting for neutral 
modes, 

3=^£±, 0 .3 5 ± 0.2. 
<p~K+K 

One can estimate fij either from the ratio of 
phase space, barrier penetration, spin, and 
isospin factors which give /3j_ j «4 for an inter- 
action radius of (2m ) _1 or from a dynamical 
approach as done by Sakurai 2 giving j3r _ j » 3 . 
The observed rate is lower than these predicted 
values by one order of magnitude; however the 
above estimates are uncertain 18 by at least this 
amount so that this discrepancy need not be 
disconcerting. 

It should be noted that the cp, being a 1 mes- 
on, may be accommodated within a number of 
theories of elementary particles. In the unitary 
symmetry model of Gell-Mann, 19 the <p could be 
the heretofore absent (singlet) partner of the 
vector meson octet. It has been noted that the 
pseudoscalar meson octet and baryon super- 
multiplets satisfy the generalized mass formu- 
la 19 ' 20 to a high accuracy. However, the same 
mass formula applied to the vector meson octet 
predicts an isosinglet mass of 930 MeV, which 
is different from the observed oj mass of 780 
MeV. This discrepancy might be explained by 
the mixing of the to and cp, 1 a possibility which 
arises since they have the same quantum num- 
bers. Within the framework of Sakurai's "vec- 
tor theory of strong interactions" 21 the ip may 
play the role of the vector meson By coupled 
to the hypercharge current. Finally, with re- 
spect to the Chew-Frautschi conjecture, 22 the 
ip presumably starts a new trajectory, as do 
the other vector mesons. 

We would like to acknowledge the invaluable 
assistance of the AGS staff, the BNL 20-inch 
crew, and many technical assistants. Two of 
us (J.L. andN.P.S.) are indebted to Professor 
J. Sakurai for stimulating conversations and 
correspondence. 
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16 1=1 combinations, K°K and K°K produced in the 
reactions K" + /> — Z~ +K + + K" and K" +p— Z* + K' +K°. 
Further, if one assumes 1=1, the triangular inequality 
relating these reactions to their neutral counterparts 
ir+p~Z° + K' + K° and 2°+K + +X", MZ+)]" 2 + MZT)]" 2 
» 2[a(2°)i 1/2 , is violated to the extent (3 ± 3)" 2 + (0 ± l) 1/! 
s 2(22 i 5) 1/2 . 
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tromagnetic transition is ~2 x 10~ 3 less frequent than 
<f —KK. The 3 it rate is dominated by ip — p + a be- 
cause only two-body phase space is involved. 
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(Received June 27, 1962) 



We wish to report the existence of a narrow 
resonance in the (H77) system which we observed 
in the study of the interactions of negative K 
mesons in the LRL 72-in. hydrogen bubble cham- 
ber. The separated incident K~ beam, originat- 
ing in the Bevatron, had a momentum of 1.80 
±0.08 GeV/c; the uncertainty includes both the 
6% momentum spread of the beam and the mo- 
mentum loss in the chamber. The film was 
scanned for events with the following topology: 
"one positive secondary, one negative secondary 
with a decay, and one or two associated Vs." 
This topology includes the reactions 



-hp^Z' + K , 


(1) 


-.E"+tf + +7T°, 


(2) 


-H"+/sr 0 +n + . 


(3) 



The events located by the scanners were anal- 
yzed using the kinematic fitting programs PANG 
and KICK. Based on a second scan of 80% of 
the film, the scanning efficiency was 99%. Only 
one possible example of multiple pion production 
was found. Table I gives the observed numbers 
of events of types (1), (2), and (3). Four events 
with charged K° decay were also consistent with 
the reaction n'+p -»S"+if° + jr + due to a (pre- 
sumed but as yet not studied) pion background. 
However, the x 2 for this hypothesis is quite 
abnormal. Furthermore, the expected ratios 
of events of type (3) with charged A decay only, 



Table I. Summary of H" production events at 1.80 
GeV/r . 



Reaction 






Events 


<r(nb) 


E-K + 






94 


135 ±22 


jtkV 






20 


30 ± 8 


3"K°7r + : A decay 




38 






K," decay 




10 






A and K,° 


decay 18 






Total S ~K 


°* + 




66 


75 ± 13 



charged K° only, and with both charged A and 
charged K° decays, 4:1:2, agree well with the 
experimental numbers. These observations, 
coupled with the fact that the effective-mass 
distribution for (Hi:) systems for events with 
charged Jf, 0 agrees with those for the other 
cases, suggest strongly that all of these events 
are, in fact, examples of Reaction (3). Prelimi- 
nary cross sections, based on a t count and in- 
cluding corrections for neutral decays and for 
scanning bias of events with H's shorter than 
0.5 cm, are given in the third column of Table 
I. The detailed results of a study of our ex- 
amples of Reaction (1) will be communicated 
in the near future. 

Figure 1 shows Dalitz plots of the invariant 
mass squared of the (Hit) systems, M~^, vs 
M Kl[ 2 for the observed examples of Reactions 
(2) and (3). In both neutral (E V") and charged 
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FIG. 1. Invariant-mass-squared Dalitz plots for 
the examples of Reactions (2) and (3). Solid dots rep- 
resent events with both charged A and K|° decays. 



(H"ff°) systems, but especially the former, there 
is evidence for a pronounced resonance. There 
is no evidence for a resonance in other particle 
pairs. Figure 2 shows an effective mass plot 
for all (Ht) pairs, regardless of charge. De- 
fining all events between 1.515 and 1.545 GeV 
as within the resonance and neglecting the small 
nonresonant background, the resonance peaks at 
M~ v = 1.529± 0.005 GeV. The uncertainty is due 
primarily to as yet incompletely studied sys- 
tematic errors. The resonance is quite sharp. 
The observed r/2 is comparable with our ex- 
perimental errors which are typically ~5 MeV. 
In the case of events of type (3) where both A 
and ifj 0 decay via charged modes (shown shaded 
in Fig. 2), the momenta of all final reaction 
products may be individually measured. The 
experimental errors are accordingly somewhat 
smaller, -2.5 MeV. The calculated r for these 
events is ~7 MeV. Within our precision, the 
width of the resonance can therefore not be de- 
termined, but it is not likely to be larger than 
T = 7 MeV. 

The production amplitudes for the (Ejt/0 re- 
action, starting with K~ on protons, may be 
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FIG. 2. Effective-mass plot for all H* systems ob- 
served in this experiment. The line is the relativistic 
three-body phase space. 



written as follows: 






EVK 0 - V2a 



3/2,1 M l/2, 1 "L/2.0J 



OjT-K+^-a^-v'Ia + V2a L 



(a) 
(b) 
(c) 
(d) 



where a t j is the amplitude for the production 
of the (Ef ) system in isospin state t from an 
overall isospin state T. Assuming that the reso- 
nance occurs in a unique isospin state and neg- 
lecting interference effects with nonresonant 
backgrounds, (a) and (b) predict a production 
ratio (H"7r°i<: + )/(H"7T + K 0 ) = 2 for t= §, The ob- 
served ratio in the M~„ region between 1.515 
and 1.545 GeV is, in fact, 0.21 ± 0.07 which sug- 
gests strongly that the (Ht) resonance occurs 
in the t = \ state where the a^ 1 and a l/2 0 am- 
plitudes may interfere such as to give any 
(H"ir°A: + )/(H"jr + K' 0 ) production ratio. If the a M l 
amplitude is indeed negligible, then the re- 
action 



K'+p-+ , Z''+Ti~ + K + 



(4) 



should occur twice as often as Reaction (2). Ac- 
cordingly, we expect to find ~40 events in our 
film. We have searched 25% of our total ex- 
posure for events with the topology "two prong 
plus V" and found six events which fit only Hy- 
pothesis (4) while three additional ones fit (4) 
and other hypotheses, although with very high 
X 2 's. The observed number of examples of (4) 
is thus not in disagreement with the expected 
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FIG. 3. Scatter plot and angular dis- 
tributions for the H production angle 
and the decay angle both relative to the 
incident K~ direction and each in the ap- 
propriate cm. system. 
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number, -10. Pending clarification of the sys- 
tematica of boson-baryon resonances, the (Etf) 
resonance should therefore be called E,y 2 *. 

Figure 3 shows a scatter diagram of the co- 
sine of the H production angle in the produc- 
tion cm. system versus the cosine of the emis- 
sion angle of the pion from E* decay with re- 
spect to the direction of the incident K~. Only 
E"7T K" events in the M-? Ti range from 1.515 to 
1.545 GeV have been used. As only 14% of the 
events are expected to show charged K\ 0 decay 
alone, the detection of the events depends pri- 
marily on the existence of a E track of observa- 
ble length. At our cutoff of 0.50 cm, the proba- 
bility of missing an event varies from 9% for 
extreme forward E's to 24"? for extreme back- 
ward E's. Hence, large systematic biases in 
Fig. 3 are not likely. The angular distribution 
at production appears isotropic. At a T « 7 
MeV, the mean separation of the H* and K° at 
the time of E* decay is £20F; hence final-state 
interactions between the K° and the other parti- 
cles do not appear likely. This seems to be 
borne out by the fact that there appears to be 



no significant asymmetry about 90° in the E 
decay relative to the E direction of motion. 
The outgoing momentum in the two-body process 



A""+/>~E* 0 + A'° 



(5) 



is 0.32 GeV/c and large P-wave contributions 
are not expected but cannot be ruled out ex- 
perimentally. At corresponding outgoing mo- 
menta the "K + reaction shows large contribu- 
tions from higher partial waves. 1 The distribu- 
tion of the E decay angle relative to the incident 
A" also appears isotropic within statistics. Ac- 
cording to the well-known argument of Adair, 2 
S-wave production coupled with a flat decay 
distribution along the production direction would 
establish the E spin to be \. 

However, in view of the poor statistics, it is 
impossible to rule out some suitably chosen 
combination of S and P waves, coupled with a 
E 1/2 with spin |. Hence, the E* spin is as yet 
not determined. Further work on this question 
is in progress. 

We acknowledge with gratitude the assistance 
of many members of the hydrogen bubble cham- 
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ber group at Lawrence Radiation Laboratory and, questions regarding the E spin. Last, but not 
in particular, the support of Professor Luis Al- least, we wish to acknowledge the painstaking and 

varez. Without the cooperation of the Bevatron patient work of our scanners. 

personnel under the direction of Dr. E. J. Lof- Z7 ; TT^ , v .. ,, „ ,. . ,, 

^ *Work supported m part bv the U. S. Atomic Energy 

gren this work could not have been carried out. Commission 

We are indebted to Professor N. Byers for many imis w. Alvarez et al. (to be published). 

stimulating discussions and for clarification of 2 R. K. Adair, Phys. Rev. too, 1540 (1955). 
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It has been pointed out 1 that among the multitude 
of resonances which have been discovered recent- 
ly, theW 3/2 *(1238), YSttMS), and E, /a *(1532) 
can be arranged as a decuplet with one member 
still missing. Figure 1 illustrates the position 
of the nine known resonant states and the postu- 
lated tenth particle plotted as a function of mass 
and the third component of isotopic spin. As 
can be seen from Fig. 1, this particle (which 
we call Q~ , following Gell-Mann 1 ) is predicted 
to be a negatively charged isotopic singlet with 
strangeness minus three. 2 The spin and parity 
should be the same as those of the N 3/2 *, namely, 
3/2 . The 10-dimensional representation of the 
group SU 3 can be identified with just such a dec- 
uplet. Consequently, the existence of the Si' 
has been cited as a crucial test of the theory of 
unitary symmetry of strong interactions. 3 ' 4 The 
mass is predicted 5 by the Gell-Mann-Okubo mass 
formula to be about 1680 MeV/c 2 . We wish to 
report the observation of an event which we be- 
lieve to be an example of the production and decay 
of such a particle. 

The BNL 80-in. hydrogen bubble chamber was 
exposed to a mass-separated beam of 5.0-BeV/c 
K~ mesons at the Brookhaven AGS. About 100 000 
pictures were taken containing a total K~ track 

PARTICLE STRANGENESS 




length of -10 6 feet. These pictures have been 
partially analyzed to search for the more charac- 
teristic decay modes of the SI' . 

The event in question is shown in Fig. 2, and 
the pertinent measured quantities are given in 
Table I. Our interpretation of this event is 



L. 



Lao + tt 0 



Lyi+y 2 



FIG . 1 . Decuplet of | particles plotted as a function 
of mass versus third component of isotopic spin. 



L-„-+/,. (1) 

From the momentum and gap length measure- 
ments, track 2 is identified as a K + . (A bub- 
ble density of 1 . 9 times minimum was expected 
for this track while the measured value was 1 . 7 
±0.2.) Tracks 5 and 6 are in good agreement 
with the decay of a A 0 , but the A 0 cannot come 
from the primary interaction. The A 0 mass as 
calculated from the measured proton and it" kin- 
ematic quantities is 1116±2 MeV/c 2 . Since the 
bubble density from gap length measurement of 
track 6 is 1.52±0.17, compared to 1.0 expected 
for a n + and 1 . 4 for a proton, the interpretation 
of the V a.s a. K° is unlikely. In any case, from 
kinematical considerations such a K" could not 
come from the production vertex. The A 0 ap- 
pears six decay lengths from the wall of the bub- 
ble chamber, and there is no other visible origin 
in the chamber. 

The event is unusual in that two gamma rays, 
apparently associated with it, convert to elec- 
tron-positron pairs in the liquid hydrogen. From 
measurements of the electron momenta and an- 
gles, we determine that the effective mass of the 
two gamma rays is 135. 1 ± 1 . 5 MeV/c 2 , consist- 
ent with a jt° decay. In a similar manner, we 
have used the calculated t° momentum and an- 
gles, and the values from the fitted A 0 to deter- 
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FIG. 2. Photograph and line diagram of event showing decay of ft" 



mine the mass of the neutral decaying hyperon 
to be 131 6± 4 MeV/c a In excellent agreement with 
that of the S°. The projections of the lines of 
flight of the two gammas and the A" onto the X Y 
plane (parallel to the film) intersect within 1 mm 
and in the XZ plane within 3 mm. The calculated 
momentum vector of the Z° points back to the de- 
cay point of track 3 within 1 mm and misses the 
production vertex by 5 mm In the XY plane. The 
length of the H° flight path is 3 cm with a calcu- 
lated momentum of 1906 ± 20 MeV/c. The trans- 
verse momenta of the H" and of track 4 balance 
within the errors, indicating that no other par- 
ticle is emitted in the decay of particle 3. 

We will now discuss the decay of particle 3. 
From the momentum and gap length measure- 



ments on track 4, we conclude that its mass is 
less than that of a K. Using the Z° momentum 
and assuming particle 4 to be a it", the mass 
of particle 3 is computed to be 1686 ± 12 MeV/c s 
and its momentum to be 201 5 ± 20 MeV/c . Note 
that the measured transverse momentum of 
track 4, 248 ± 5 MeV/c, is greater than the max- 
imum momentum for the possible decay modes 
of the known particles (given in Table II), ex- 
cept for E~-e~ + )i+v. We reject this hypothesis 
not only because it involves AS = 2, but also be- 
cause it disregards the previously established 
associations of the A and two gammas with the 
event. 

Table II. Maximum transverse momentum of the nega- 
tive decay product for various particle decays. 





Table I. Measured quantities 




Decay modes 


Maximum transverse momentum 
(MeV/c) 














Dip 

(deg) 


Momentum 

(MeV/e) 






Track 


(deg) 


it" — (t" -t- V 


30 












236 


1 


4.2*0.1 


1.1 ±0.1 


4690*100 


K~~*v~ + ii 


205 


2 


6.9*0.1 


3.3*0.1 


501*5.5 


K~ — e" + ir°+i> 


229 


3 


14.5*0.5 


-1,5*0,6 




Z ~-Tt~ + n 


192 


4 


79.5*0.1 


-2.7*0,1 


281*6 


E--e" + A*+i/ 


78 


5 


344,5*0.1 


-12.0*0.2 


256*3 


L -*£~+rt + y 


229 


e 


9.6*0.1 


-2.5*0.1 


1500*15 


S~— t~*i* 


139 


7 


357.0*0.3 


3.9*0.4 


82*2 


S~-» <r+A*+v 


190 


8 


63.3*0.3 


-2.4*0.2 


177*2 


H -*e~+n + v 


327 
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The proper lifetime of particle 3 was calculated 
to be 0.7 xlO" 10 sec; consequently we may as- 
sume that it decayed by a weak interaction with 
AS = 1 into a system with strangeness minus two. 
Since a particle with S = -1 would decay very rap- 
idly into Y + ir, we may conclude that particle 3 
has strangeness minus three. The missing mass 
at the production vertex is calculated to be 500 
± 25 MeV/c 2 , in good agreement with the K° as- 
sumed in Reaction (1). Production of the event 
by an incoming n~ is excluded by the missing 
mass calculated at the production vertex, and 
would not alter the interpretation of the decay 
chain starting with track 3. 

In view of the properties of charge ((? = -l), 
strangeness (S = -3), and mass (Af = 1686±12 
MeV/c 2 ) established for particle 3, we feel jus- 
tified in identifying it with the sought-for ft". 
Of course, it is expected that the ft" will have 
other observable decay modes, and we are con- 
tinuing to search for them. We defer a detailed 
discussion of the mass of the ft" until we have 
analyzed further examples and have a better un- 
derstanding of the systematic errors. 

The observation of a particle with this mass 
and strangeness eliminates the possibility which 
has been put forward 6 that interactions with AS 
= 4 proceed with the rates typical of the strong 
interactions, since in that case the ft" would de- 



cay very rapidly into n +K° + ir~. 

We wish to acknowledge the excellent coopera- 
tion of the staff of the AGS and the untiring ef- 
forts of the 80-in. bubble chamber and scanning 
and programming staffs. 
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Weak Interactions 



From parity violation to two neutrinos, 1956-1962. 

In 1930, Wolfgang Pauli postulated the existence of the neutrino, a light, feebly interacting 
particle. Pauli did this to account for the electron spectrum seen in beta decay. If the elec- 
tron were the only particle emitted in beta decay, it would always have an energy equal to 
the difference between the initial and final nuclear state energies. Measurements showed, 
however, that the electron's energy was variable and calorimetric measurements confirmed 
that some of the energy was being lost. So disturbing was this problem that Bohr even 
suggested that energy might only be conserved on average! 

Beta decay could not be understood without a successful model of the nucleus and that 
came after the discovery of the neutron by Chadwick in 1932. The neutrino and the neutron 
provided the essential ingredients for Fermi's theory of weak interactions. He saw that the 
fundamental process was n — > pev. Using the language of quantized fields Fermi could 
write this as an interaction: 

p* (x)n(x)e* (x)v(x) 

where each letter stands for the operator that destroys the particle represented or creates its 
antiparticle. Thus the n(x) destroys a neutron or creates an antineutron. The dagger makes 
the field into its adjoint, for which destruction and creation are interchanged. Thus p^(x) 
creates protons and destroys antiprotons. The position at which the creation and destruction 
take place is x. 

Fermi wrote the theory in terms of a Hamiltonian. It had to be invariant under translations 
in space. This is achieved by writing something like 

H ex / d 3 x p\x)n{x)eHx)v(x) (6.1) 



suitably modified to be Lorentz invariant. 

The relativistic theory of fermions was developed by Dirac. Each fermion is represented by a col- 
umn vector of four entries (essentially for spin up and down, for both particle and antiparticle). For 
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a nonrelativistic particle, the first two entries are much larger than the last two. These "large compo- 
nents" are equivalent to Pauli's two component spinor representation of a nonrelativistic spin one-half 
particle. Explicitly, a particle of mass in, three-momentum p, and energy E — V'" 2 + P 2 and with 
spin orientation indicated by a two-component spinor x is represented by a Dirac spinor 

n(p) = V£ + w( a \ ). (6.2) 

\ E+m % / 

Indeed, in the nonrelativistic limit where p << in, E, the lower two components are much smaller 
than the upper two. Thus if x — I n ) an d P nas components p x , p y , p z , then 



u(p) 



0 



Pzl-JE + m 
\ (Px + ip y )/y/E + m ) 



(6.3) 



Despite their appearance, these spinors are not four-vectors because they transform in a completely 
different way. It is possible to make Lorentz scalars and four- vectors from pairs of spinors. Ordinary 
four-vectors, a — (oq, a) and b — (b^, b), can be combined to make a Lorentz-invariant product 
a-b — aobo — a-b — a^b^, where ao — a > a i — ~ a ', f° ri — 1, 2, 3. Pairs of spinors are combined 
with the Dirac matrices which can be expressed as 



Y 



(6.4) 
where cr; are the usual 2x2 Pauli spin matrices, and / is the 2x2 unit matrix. In this convention 
one writes yg — Y > Yi — ~ Y ' ' > ' : — 1 > 2, 3. A Lorentz invariant is obtained by placing a y between 
a spinor (a column vector) and an adjoint spinor, \jr ' , which is the row vector obtained by taking the 
complex conjugate of each component: 

i/f W = ff (6.5) 

where tfr is a four component spinor and tfr — \jt * y ", or equivalently, iff* — \jry . The combination 
i / 'Ylj.4 r y I 1 — 0. 1> 2, 3, transforms as a four-vector. Thus t/t * t\i — isyois is not a scalar, but the 
zeroth component of a vector quantity. 

Rather than using \jf or u for each spinor, it is often clearer to indicate the particle type, so a spinor 
for a proton is indicated simply by p, one for a neutrino by v, and so on. Thus v(x) is the neutrino 
field at x, a field that destroys neutrinos or creates antineutrinos. Similarly p' and ~p — p'y create 
protons or destroy antiprotons. An operator like e(x) can be expressed in terms of momentum through 
a Fourier transform. For example, if e(x) acts on a state with an electron of momentum p, a factor of 
the spinor u(p) is produced. 

A possible interaction that is Lorentz-invariant is of the form 

Hoc d x ~p{x)n(x) e{x) v(x). (6.6) 
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This is not what Fermi chose. He noted that the usual electromagnetic current for an elec- 
tron, which receives contributions from the motion of the charge and the magnetic moment, 
can be written in Dirac notation as 

J^x) = e(x)y fl e(x). (6.7) 

This object transforms as a relativistic four-vector. Electrodynamics can be viewed as the 
interaction of such currents. By analogy, Fermi wrote 

H = g f d 3 x p(x)y fl n(x) e(x)y fi v(x) (6.8) 

where g was a constant. There also had to be an interaction that was the Hermitian con- 
jugate of this and would describe e + emission, a process discovered by Irene Curie and 
Frederic Joliot in 1933: 

H — g d 3 x n(x)y tl p(x) v{x)y ll e{x). (6.9) 

Many consequences of Fermi's theory can be obtained without detailed computation, 
which is often prevented by lack of detailed information on the nuclear wave functions. 
By the Golden Rule, the decay rate is governed by 

r ex f d 3 p e d 3 p v 8(Q -E e - E v )\H fi \ 2 (6.10) 

where p e is the electron's momentum and E e is its energy and similarly for the neutrino. 
The total energy available in the decay is Q, the mass difference between the initial and 
final nuclei, minus the electron mass. The Dirac delta function guarantees energy conser- 
vation. The recoiling nucleus balances the momentum, but contributes negligibly to the 
energy. If we ignore the dependence of the matrix element, Hfj , on the momentum, we find 

^cxp 2 (Q-E e ) 2 \H fi \ 2 . (6.11) 

dp e 

Thus (1/ p e )(dr/dp e ) 1 / 2 should be a linear function of E e . A plot of these quantities is 
called a Kurie plot and the expectation of linearity is borne out in many decays. The high 
energy portion of a Kurie plot for tritium decay is shown in Figure 6.1. 
Looking at the Fermi theory in greater detail, we consider the term 

p(x)y^n(x) = p\x)y°y' 1 n(x) (6.12) 

involving the nucleons only. This operator changes the initial nuclear state to the final one, 
transforming a neutron into a proton. The nucleons can be considered nonrelativistic. Of 
their four components, only the first two are important and these represent spin- 1/2 in the 
usual way. Since y ,y 2 and y 3 connect large components to small components, only ~py°n 
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475ft 



480ft 



Figure 6.1. The Kurie plot for the beta decay of tritium showing the portion of the electron spectrum 
near the end point at 18.6 keV. As pointed out by Fermi in his 1934 paper setting out the principles 
of beta decay, if the neutrino mass is non-zero there will be a deviation of the plot from linearity near 
the end point. By studying this region with extreme care, Bergkvist was able to set an upper limit of 
60 eV on the mass of the neutrino (more precisely, the electron-antineutrino) [K. E. Bergkvist, Nucl. 
Phys. B39, 317 (1972)]. The x-axis of the Figure shows the magnet setting of the spectrometer. The 
interval corresponding to 100 eV is indicated, as well as two sample error bars with a magnification 
of 10. The curves expected, including the effects of the apparatus resolution, for neutrino masses of 
67 eV and 0 eV are shown. Without the resolution effects, the curve for 0 eV would be a straight line, 
while the 67 eV curve would fall more abruptly to zero. 

will be important. Thus ~py^n reduces to p^n where in the final expression we consider the 
spinors to have just two components. This operator changes a neutron into a proton without 
changing its location or affecting its spin. It cannot change the angular momentum: It is a 
A/ = 0 operator. Moreover, it cannot change the parity. These are the selection rules anal- 
ogous to, but different from, those familiar in radiative transitions between atomic states. 

In fact, it is found that not all beta decays occur between nuclear states with identical 
angular momenta, so the Fermi interaction cannot be a complete description. To generalize 
it, we consider the possible forms made from two (four-component) fermion fields and 
combinations of Dirac matrices: 



pn 


S 


(scalar) 


PY5'l 


P 


(pseudoscalar) 


~py >L n 


V 


(vector) 


'py ll y 5 n 


A 


(axial vector) 


pa^n 


T 


(tensor) 
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Here we have introduced 



l r „ „-, I 



2 [Y^Y V ] = ^Y V -Y V Y^ ( 6 - 13 ) 



and 



00 



5: 


pn 


->■ 


p n 


P 


PYsn 


->■ 


0 


V 


~py tl n 


->■ 


p n 


A 


py^ysn 


->■ 


p^a'n 


T 


pa^'n 


->■ 


p'cr'n 



y 5 = [ I 0 j. (6.14) 

The names "scalar," "vector," etc., describe the behavior of the bilinears under the Lorentz 
group and parity. Lorentz invariant quantities can be obtained by combining with the cor- 
responding forms like ev, ey$v, etc. Before 1956, it was presumed that parity was con- 
served in weak interactions. This allowed combinations like p~n ev but forbade ~pysn ev, 
~py / iY5ney tl v, etc. 

Using the forms of the Dirac matrices and the rule that only the two upper two compo- 
nents of a spinor are important for a nonrelativistic particle, it is easy to see what kinds of 
terms are available for the nuclear part of the beta-decay amplitude: 



for fi = 0, zero otherwise 
for fi = i = 1, 2, 3, zero if p, — 0 
if jx — j, v — k (j, k — 1, 2, 3) 
and i, j, k cyclic, zero otherwise 

In the right-hand column, the p and n represent two-component spinors and a 1 is a Pauli 
matrix. 

Thus we see that two kinds of nuclear transitions are possible, ones like those in the 
original Fermi theory, due to p^n, and those due to p^an. The former are called Fermi 
transitions and the latter Gamow-Teller transitions. Because of the a, the Gamow-Teller 
transitions can change the angular momentum of the nucleus by one unit. However, the 
operator still does not change parity. In summary, S and V give Fermi transitions, while T 
and A give Gamow-Teller transitions. Fermi transitions in which the angular momentum 
of the nucleus changes are not allowed. Thus from the existence of transitions like O 14 — »■ 
N 14 * + e+ + v (0+ ->• 0+) and He 6 -► Li 6 + e~ + v (0+ ->• 1+) we know that there must 
be at least one of S and V as well as at least one of T and A. It was also possible to show 
that if we have both S and V, or both T and A in a parity conserving theory, the Kurie plot 
would not be straight, in contradiction with the data. Thus the nuclear part of the transition 
was thought to be either S or V, together with T or A, and parity conserving. 

Distinguishing between these choices required observing more than the electron energy 
spectrum. The angle between the electron and neutrino directions could be inferred by 
measuring the recoil of the nucleus. The dependence on this angle measured the relative 
amounts of V versus S and A versus T The results before 1957 indicated a preference for 
T over A, especially in the He 6 — »■ Li 6 + e~ + v decay. 
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In addition to nuclear beta decay, information on weak interactions was available from 
decays of strongly interacting particles, especially kaons, and from the decay of the muon. 
A thorough analysis of the decay p — > evv was given by L. Michel in 1950, assuming 
parity conservation. He found that the shape of the energy spectrum was determined up to 
a single parameter, p, that was a function of the relative amounts of S, P, V, A, and T. With 
x — Ipe/m^, the intensity of the spectrum is 

dN/dx oc x 2 [1 - x + (2/3)p(4x/3 - 1)] . (6.15) 

A measurement in 1955 gave p — 0.64 ± 0.10. The currently accepted value is 0.7509 ± 
0.0010, consistent with the maximal value allowed, 3/4. Two examples of the electron 
spectrum from muon decay are displayed in Figure 6.2. 

About the same time, the universality of the weak interaction was becoming evident. By 
universality one means that the interaction is of the same form and strength in all situations. 
Tiomno and Wheeler suggested that the pairs (e, v), (p, u), and («, p) entered into the 
weak interaction in an equivalent way. Nuclear beta decay involves (n, p) and (e, v). The 
charged pion can be viewed as a bound state of a nucleon and an antinucleon. In this way, 
the weak interaction responsible for charged pion decay involves (n, p) and (p, u). The 
decay of the muon depends on (ji, v) and (e, v). 

The giant step in understanding weak interactions came in 1956 when T. D. Lee and 
C. N. Yang pointed out that there was no evidence in favor of parity conservation in weak 
interactions. The precipitating issue was the x — 8 puzzle. As described in Chapter 3, the r 
was the 3tt decay of the K + . The analysis begun by Dalitz had shown that the 3n system 
had J p in the series 0~ , 2~ , . . . On the other hand, the 6 + (or x + ) decayed into it 0 7t + and 
had "natural" spin-parity: J p — 0 + , 1~, . . . Measurements showed that the masses and 
lifetimes of the 9 and t were very similar, perhaps equal. The 0 and the r seemed to be the 
same particle, except that they had different values of J p . The Proceedings of the Sixth 
Annual Rochester Conference in April 1956 record that after Yang's talk, 

Feynman brought up a question of [Martin] Block's: Could it be that the 6 and t are different parity 
states of the same particle which has no definite parity, i.e. that parity is not conserved. That is, does 
nature have a way of defining right or left-handedness uniquely. Yang stated that he and Lee looked 
into this matter without arriving at any definite conclusions. 

A few months later, there were conclusions. Despite the overwhelming prejudice that 
parity must be a good symmetry because it was a symmetry of space itself just as rotational 
invariance is, Lee and Yang demonstrated that there was no evidence for or against parity 
conservation in weak interactions. To test for possible violation of parity it was necessary 
to observe a dependence of a decay rate (or cross section) on a term that changed sign under 
the parity operation. Parity reverses momenta and positions, but not angular momentum (or 
spins). In a nuclear decay, the momenta available are p e , p y , and pj\, the momenta of the 
electron, neutrino and recoil nucleus. Terms like p e ■ p t , cannot show parity violation. The 
invariant formed from the three momenta, p e ■ p y xpj/, would change sign under parity, 
but vanishes because the momenta are coplanar. To test for parity violation in nuclear beta 
decay required consideration of spin. If the decaying nucleus were oriented, it would be 
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Figure 6.2. Two examples of the electron momentum spectrum in muon decay, (a) An early mea- 
surement made in a high pressure cloud chamber at the Columbia University Nevis Cyclotron which 
gave the value p — 0.64 ± 0.10. The variation with the parameter p of the spectrum shape, includ- 
ing the experimental resolution, is shown in the curves. The bell-shaped curves show the resolution 
of the experiment at two values of the electron momentum [C. P. Sargent et al, Phys. Rev. 99, 885 
(1955)]. (b) A later spectrum obtained with a hydrogen bubble chamber which, when combined with 
earlier spark chamber measurements, gave p — 0.752 ± 0.003 [S. E. Derenzo, Phys. Rev. 181, 1854 
(1969)]. 
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possible to measure the angular dependence of the decay, looking for a term proportional 
to < J > ■ p e , where < J > was the average nuclear spin. This was achieved by C. S. Wu 
in collaboration with E. Ambler and co-workers at the National Bureau of Standards, who 
had the necessary low temperature facility (Ref. 6.1). 

Wu and her co-workers chose to work with Co 60 , whose ground state has J p — 5 + . 
It beta-decays through a Gamow-Teller transition with a half-life of 5.2 y, yielding Ni 60 
in the 4 + state. The excited Ni state decays through two successive y emissions to 2 + 
and then 0 + , with y energies 1.173 and 1.332 MeV, respectively. The NBS team included 
experts in producing nuclear polarization through adiabatic demagnetization. The degree 
of polarization of the Co sample was monitored by observing the anisotropy of the gamma 
radiation. The polarization of the Co 60 was transmitted to the Ni 60 , giving a difference 
between the rates for gamma emission in the polar and equatorial directions, relative to the 
axis of the applied polarizing magnetic field. 

The beta-decay rate along the direction of the magnetic field, that is, along the nuclear 
polarization direction was monitored. Reversing the magnetic field reversed the direction 
of < J >. The counting rate indeed showed a dependence on < J > • p e . Not only 
was the rate different for the two magnetic field orientations, but as the sample warmed, 
the dependence of the rate on the field orientation disappeared at the same speed as the 
polarization itself disappeared, showing the connection of the decay angular distribution 
was with the nuclear orientation, not simply with the applied magnetic field. 

Word of this tour de force spread rapidly and new experiments were undertaken even 
before the results of Wu's team appeared in print. Indeed, two further experiments appeared 
in rapid succession showing parity violation in the sequence tt + — ► /x + — > e + (Refs. 
6.2, 6.3). Rather than beginning with a polarized beam, these experiments exploited the 
prediction of Lee and Yang that parity violation would lead to polarization of the /x along 
its line of flight in the n — ► fiv decay. The polarization of the [l is retained when it slows 
down in matter. A distribution of decay electrons relative to the incident beam direction of 
the form 1 + a cos 0 is then expected, where a depends on the degree of polarization of 
the fi. Garwin, Lederman, and Weinrich, working with the Nevis Cyclotron at Columbia 
University, applied a magnetic field to the region where the muons stopped. This caused 
the spin of the muon to precess. In this elegant fashion, they demonstrated parity violation, 
measured its strength and simultaneously measured the magnetic moment of the ji + by 
measuring the rate of precession. At the same time, Friedman and Telegdi, at the University 
of Chicago, also found parity violation by observing the same decay sequence, but working 
in emulsions and without a magnetic field. The emulsion experiment was started before the 
others, but took longer to complete because of the laborious scanning procedure. 

With the violation of parity, the number of terms to be considered in nuclear beta decay 
doubled. A general interaction could be written 

H = —jL d 3 x (C s pn ev + C' s pn ey 5 v + Cypy^n ey^v + C' v ~py' A n ey^v -\ ) 

(6.16) 
where Gf — 1.166 x 10 GeV -2 is known as the Fermi constant. The terms with coef- 
ficients C[ are parity conserving, while those with coefficients C- are parity violating. The 
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years 1957 and 1958 brought a wealth of experiments aimed at determining the constants 
Cs, C' s , Cv, C' v , . . . Parity violation allowed rates to depend on cr e ■ p e , i.e. longitudinal 
polarization of the electron emitted in beta decay. Frauenfelder and co-workers (Ref. 6.4) 
found a large electron polarization, < cr e ■ p e > / p e a — 1. This result was consistent with 
the proposal that the neutrino has a single handedness: 



'4= f d 3 x [Cspned ± Ys)v + Cv-pYi^ney^d ± y 5 )v + ■ ■ ■] (6.17) 



72. 



If the negative sign is used, the neutrinos participating in the interaction are left-handed, 
that is, their spins are antiparallel to their momenta (helicity —1/2). If the positive sign is 
taken, they are right-handed (helicity +1/2). The experiment of Frauenfelder et al. showed 
that the electrons were mostly left-handed. This would follow from, say, ey M (l — y$)v or 
from e(l + ys)v. More completely, if the neutrino has a single handedness and the nuclear 
part is V or A, then the neutrino should be left-handed, while if the nuclear part is S or T, 
the neutrino should be right-handed. Remarkably, it was possible to do an experiment to 
measure the handedness of the neutrino! 

This was accomplished by M. Goldhaber, L. Grodzins, and A. W. Sunyar (Ref. 6.5). The 
experiment is based on a subtle point, the strong energy dependence of resonant scattering 
of X-rays. When an excited nucleus emits an X-ray, the energy of the X-ray is not exactly 
equal to the difference of the nuclear levels because the recoiling nucleus carries some 
energy. However, if the emitting nucleus is moving in the direction of the X-ray emission, 
the Doppler shift makes up for some of the energy loss. The resonant scattering of such 
X-rays is then much stronger since the X-ray's energy is closer to the energy of excitation 
of the nucleus. This could be exploited in Eu 152 m which decays by electron capture, with 
a half-life of about 9 hours. In electron capture, an inner shell electron interacts with the 
nucleus according to e~ p — > nv. In this case, the overall reaction was e~ + Eu 152 m — ^ 
Sm 152 * + v. The initial nucleus has J — 0 and the final nucleus, / = 1. The latter decays 
very rapidly by y emission to the J — 0 ground state. If we take the neutrino direction 
as the z axis and assume the captured electron is in an s-wave, the intermediate Sm 152 * 
state has /- = 1 or 0 if the v has J z — — 1/2 and J z — —1 or 0 if the v has J- — 1/2. 
Now if a gamma ray is emitted in the negative z direction (where resonant scattering is 
greatest because the motion of the nucleus compensates for the energy lost in recoil), it 
has J z — 1 or —1, and in fact its helicity has the same sign as that of the neutrino. By 
measuring the circular polarization of the gamma ray with magnetized iron, the neutrino 
helicity is measured. The result found was that the neutrino is left-handed. 

The outcome of this and many of the experiments at the time were in agreement with the 
V-A theory proposed by Marshak and Sudarshan and by Feynman and Gell-Mann. The V 
and A terms for the nuclear beta decay were coupled to the ey IJL {\ — y$)v term: 

Cj F i i 

H — — Id x ~j5{x)y' x (g v + g a y5)n(x) e(x)y fl (l - ys)v(x) (6.18) 

where g v and g a are the vector and axial vector couplings of the weak current to the nucle- 
ons. The value of g v is very nearly one. It can be measured in pure Fermi transitions like 
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O 14 decay, in which the nuclear matrix element is calculable because the initial and final 
nuclei are members of the same isomultiplet. The axial coupling constant can be measured 
in neutron decay, either from the neutron lifetime or from more detailed measurements of 
the decay. By studying the decay of free polarized neutrons, Telegdi and co-workers were 
able to confirm the V-A form of the interaction and measure sign as well as the magnitude 
of ga/gv (Ref. 6.6). The currently accepted value of g a /gv is —1.2695 ± 0.0029. 

More generally, for processes with an electron and a neutrino in the final state, like 
K~ — >• 7t°e~v, the V-A theory postulates an interaction 

H — g d 3 x -/(ihadOO^epO) + Hermitian conjugate (6.19) 



where 



<,(*) = «(*)y M (i-ysM*). (6.20) 



The hadronic current, JQ, cannot be specified so precisely. For nuclear beta decay one 
can limit the possible forms since the nucleons are nonrelativistic. For decays like n~ — ► 
7T°e~v and n — ¥■ pe~v, Feynman and Gell-Mann proposed that the vector part of the 
hadronic currents that raised or lowered the charge of the hadrons by one unit and did not 
change strangeness was part of an isotriplet of currents. The third, or charge-nonchanging, 
component of the triplet was the isovector part of the electromagnetic current, that is, the 
part responsible for the difference in the electromagnetic behavior of the neutron and pro- 
ton. Since the electromagnetic current is conserved, so would be the vector part of the 
hadronic weak current. This proposal was known as the conserved vector current hypothe- 
sis (CVC) and was actually first given by the Soviet physicists S. S. Gershtein and Ya. B. 
Zeldovich. 

CVC has been tested in pion beta decay, n + — > 7t°e + v and in a comparison of the weak 
decays B 12 — > C 12 e~v, N 12 — > C 12 e + v with the electromagnetic decay C 12 * -> C 12 /. 
The three nuclei B 12 , C 12 *, and N 12 form an isotriplet and C 12 is the isosinglet ground 
state. In these processes, the weak decay rates can be calculated because the decay depends 
on the vector current and the weak vector current matrix elements can be obtained from 
the isovector electromagnetic current matrix elements measured in C 12 * decay. 

The V-A theory proved very successful and has survived as the low energy description 
of weak interactions. The weak hadronic current has two pieces, AS = 0 (e.g. n — > pe~v) 
and a AS — 1 piece (e.g. K — >■ fiv, K — > n jiv). The strengths of the strangeness- 
changing and the strangeness-nonchanging interactions are not the same. N. Cabibbo 
described this by proposing that while in leptonic decays (like fjt — > evv) the interaction 
could be written as 

^§<,Wlp/*)> (6-21) 

in semileptonic decays, in which both hadrons and leptons participate, it should be 

— [cosO c j£ s=Q + sin6 c j£ s=l (x)] J^ ep ^(x) + Herm. conj. (6.22) 
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The Cabibbo angle, 9 C , expresses a rotation between the AS — 0 and AS — 1 currents. 
The cosine of the Cabibbo angle can be determined by measuring beta decays in 0 + — ► 0 + 
transitions in which the nuclei belong to the same isospin multiplet and comparing with 
Gf as measured in muon decay. In these circumstances, CVC determines the relevant 
nuclear matrix element. The results give cos6 « 0.970 — 0.977, so 9 C & 13°. Values of 
sin6 c derived from AS = 1 decays are consistent with this value. The significance of the 
Cabibbo angle became clearer in subsequent years, as we shall see in Chapters 9 and 11. 

A regularity noted by Gell-Mann when he invented strangeness was that in semilep- 
tonic decays AS — AQ. Thus in K + — > jt°fi + v, the hadronic system loses one unit 
of strangeness and one unit of charge. The decay E~ — »■ ne~v (AS = 1, AQ = 1) 
is observed while E + — ► ne + v (AS — 1, AQ — —1) is not. Even more striking is 
the absence of processes in which the strangeness of the hadronic system changes, but 
its charge does not. Thus K + — > tt + vv and K + — > n + e + e~ are extremely rare. The 
absence of strangeness changing neutral weak currents was to play a profound role in later 
developments. 

The success of the Fermi theory was convincing evidence for the existence of the neu- 
trino. Still, although the helicity of the neutrino was indirectly measured, there had been 
no detection of interactions initiated by the neutrinos themselves. This was first achieved 
by Cowan and Reines using antineutrinos produced in beta decays inside a nuclear reactor. 
When Reines began to think about means for detecting them, he began by considering the 
neutrinos that would be emitted from a fission bomb. The nuclear reactor turned out to be 
much more practical. 

The enormous number of beta decays from neutron-rich radionuclei produced by fission 
provide a prolific source of antineutrinos. However, the environment around a reactor is 
far from ideal. Reines' idea was to show that his signal for neutrino-induced processes was 
greater when the reactor was on than when it was off. Early results were obtained in 1956, 
but a greatly improved experiment was reported in 1958 (Ref. 6.7). In the 1958 version of 
the experiment, the process v e p — >■ e + n was observed by detecting both the e + and the 
neutron. The positron annihilation produced two photons, which were detected as a prompt 
signal using liquid scintillator. The neutrons slowed down by collisions with hydrogen 
and then were captured by cadmium, whose subsequent gamma decay was observed. The 
positron and neutron signatures were required to be in coincidence, with allowance for the 
time required for the neutron to slow down. The experiment is displayed schematically in 
Figure 6.3. 

Bruno Pontecorvo and Melvin Schwartz independently proposed studying neutrino 
interactions with accelerators, using the decays it — >• /xv and K — >• /xv as neutrino 
sources. The cross sections for neutrino reactions are fantastically small, on the order of 
o oc G 2 F s, where s is the center-of-mass energy squared. Thus for s — 1 GeV 2 , using 
the convenient approximations, Gf ^ 10~ 5 GeV -2 , 0.389 mb GeV «s 1 with h=c=l, 
a sa 10 -10 x 0.4 mb, some 12 orders of magnitude smaller than hadronic cross sections. 
Still, with a sufficiently large target and neutrino flux, such experiments are possible. 

Neutrino beams could not be effectively produced at the accelerators available in the 
mid-1950s. These included the 3-GeV Cosmotron at Brookhaven and the 6-GeV Bevatron 
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Figure 6.3. A schematic diagram of the experiment of Reines and Cowan in which antineutrinos 
from a nuclear reactor were detected. The dashed line entering from above indicates the antineutrino. 
The antineutrino transmutes a proton into a neutron and a positron. The annihilation of the positron 
produces two prompt gamma rays, which are detected by the scintillator. The neutron is slowed in 
the scintillator and eventually captured by cadmium, which then also emits delayed gamma rays. The 
combination of the prompt and delayed gamma rays is the signature of the antineutrino interaction 
(Ref. 6.7). 



at Berkeley, and the 10-GeV machine at Dubna in the Soviet Union, all of which were pro- 
ton synchrotrons. The next generation of machines were based on a new principle, strong 
focusing. In 1952, E. Courant, M. S. Livingston, and H. Snyder at Brookhaven discovered 
that by arranging bending magnets so that the gradients of successive magnets alternated 
between increasing radially and decreasing radially, the overall effect was to focus the 
beam in both the vertical and horizontal directions. Moreover, the beam excursions away 
from the central orbit were much decreased in amplitude. As a result, it was possible to 
make much smaller beam tubes and magnets with much smaller apertures. 

Strong focusing can also be done with pairs of quadrupole magnets, one focusing in the 
horizontal plane and the next in the vertical plane. It is this arrangement that is most often 
employed in proton accelerators. This strong focusing principle was employed as early as 
1955 (Refs. 3.13, 4.1, 4.4, 4.6) in the construction of beam lines. Subsequent to the work 
of Courant, Livingston, and Snyder, it was learned that the principle had been discovered 
earlier by N. Christofilos, working independently and alone in Athens. His idea had been 
communicated to the Lawrence Radiation Laboratory in Berkeley where it languished in 
the files unnoticed. 

Strong focusing led to the construction of much higher energy proton machines. The 
first, the 28-GeV Proton Synchrotron (PS), was completed at CERN, the European Nuclear 
Research Center in Geneva, in 1959. A similar machine, the Alternating Gradient Syn- 
chrotron (AGS), was completed at Brookhaven in 1960. 
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In 1962, a team including Schwartz, Lederman, and Steinberger (Ref. 6.8) reported 
results from an accelerator experiment in which neutrino interactions were observed. The 
neutrino beam was generated by directing the 15-GeV proton beam from the AGS on a 
beryllium target. Secondary jr's and K's produced the neutrinos by decay in flight. 

Since the interaction rate of the neutrinos was expected to be minute, extreme care was 
taken to prevent extraneous backgrounds from reaching the detector. Shielding included 
a 13.5-m iron wall. Detection was provided by a 10-ton spark chamber with aluminum 
plates separated around the edges by lucite spacers. The detector was surrounded on top, 
back, and front by anticoincidence counters to exclude events initiated by charged particles. 
Background was reduced by accepting only those events that coincided with the 20-ns 
bursts of particles from the accelerator, separated by 220-ns intervals. Even with these 
precautions, many triggered events were due to muons or neutrons that made their way into 
the detector. Most of these could be rejected by scanning the photographic record of the 
spark chamber output. 

Of the remaining events, those showing a single charged particle with momentum less 
than 300 MeV (assuming the track to be that of a muon) were rejected as possibly due to 
background including neutron-induced events. This left 34 events apparently with single 
muons of energy greater than 300 MeV, candidates for vn — ► pp~ and vp — ► np + . In 
addition, there were 22 events with more than one visible track. These were candidates 
for vn — »■ nn + p~ and vn — > pp~ '. Eight other events appeared "showerlike." Careful 
analysis showed that only a few of these were likely to be due to electrons. 

The substantial difference between the number of muons produced and the number of 
electrons produced showed clearly that the neutrinos obtained from jr — ► pv (which is 
vastly more frequent than the decays jt — >• ev or K — >• n ev) generated muons rather 
than electrons. In this way, it was shown that there were two neutrinos, v^ and v e , and 
two conserved quantum numbers, muon number (+1 for p~ and v„) and electron number 
(+1 for e~ and v e ). The v M is created in n + — »■ p + v ll , the v^ in n~ — > p~v^, the v e 
in tc + — >■ e + v e , and the v e in n — > pe~v e . The process v^n —> pe~ was forbidden by 
these rules. Separately conserved electron and muon numbers also forbid the unobserved 
decay p — >■ ey . In addition to establishing the existence of two distinct neutrinos, the 
experiment demonstrated the feasibility of studying high energy neutrino interactions at 
accelerators. Subsequent neutrino experiments played a critical role in the development of 
particle physics. 

The V-A theory provided a comprehensive phenomenological picture of weak interac- 
tions. The leptonic, semileptonic, and nonleptonic weak interactions were encompassed. 
The AS — 0 and AS — 1 processes were described by Cabibbo's proposal. Neverthe- 
less, it was clear that the theory was incomplete. The Fermi interaction occurred at a point 
and was thus an s-wave interaction. The cross section for an s-wave interaction is limited 
by unitarity to be no greater than Att / p 2 m . However, we have seen that in the V-A theory 
cross sections grow as Gps oc G 2 F p 2 m . A contradiction occurs roughly when p cm — 300 
GeV. This circumstance can be improved, though not completely cured, by supposing that 
the Fermi interaction does not occur at a point, but is transmitted by a massive vector 
boson, the W. The idea goes back to Yukawa who had hoped his meson would explain 
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both strong and weak interactions. If the W were heavy, it would produce a factor in the 
beta-decay amplitude of roughly f 2 /m 2 ^, where m\v is the W mass and / is its coupling 
to the nucleon and ev. Crudely then, Gf ^ f 2 / m2 y- The smallness of Gf could be due 
to / being small or m w being large, or both. Experimental searches for the W in the mass 
range up to a few GeV were unsuccessful. 



Exercises 

6.1 Tritium, H 3 , decays to He 3 +e~ + v e with a half-life of 12.33 y. The maximum electron 
energy is close to 18.6 keV. Show what the high energy end of the Kurie plot would 
look like if the neutrino were (a) massless and if (b) it had a mass of 67 eV. Compare 
with Fig. 6. 1 . 

6.2 What is the source of the dependence of Mott scattering, which was used by Frauen- 
felder et al, on the polarization of the electron? 

6.3 The decay amplitude for \i — > evv is proportional to Gf, so the decay rate is propor- 
tional to G 2 F . By dimensional analysis, the decay rate is proportional to G 2 F m 5 . The 
complete result is 

r(/x -^ evv) = 't 

* 1927T 3 

and the lifetime is 2.2 x 10~ 6 s. In 1975, a new lepton analogous to the fi, called the r 
was discovered. What are the expected partial decay rates of T — ► [ivv and r — > evv 
if m T = 1.8 GeV? Compare with the data. 

6.4 Estimate on dimensional grounds the lifetime of the neutron. Compare with experi- 
ment. 

6.5 The branching ratios for A — »■ pjt~ and A — > nn 0 are 64.2% and 35.8%, respectively. 
What would we expect if the nonleptonic Hamiltonian were a A I — 1/2 operator? 
AAI — 3/2 operator? 

6.6 * The decays it — >• \iv and it — ► ev are governed by the V-A interaction 



H =fd 3 x ^J^ix) v e (x)y x (\ - y 5 )e(x). 



The hadronic matrix element 

<0\j£ ad \7T > 

must be proportional to the pion four- momentum, qi. Show that this means the decay 
amplitudes for the two processes are proportional to m^ and m e , respectively, and thus 

T(lT -» fMV) /»V\ 2 , 

oc I — — I x phase space. 

r(jr ->• ev) \m e ) 
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6.7 * The matrix element squared for the decay [iT — > e~v /1 v e is 

M 2 = 64G 2 F (P + ms) ■ p Ve p e ■ p V|i 

where P is the muon four-momentum, m is its mass, and s is the four-vector spin of 
the muon. In the rest frame of the muon, s has only space components and is a unit 
vector in the direction of the spin. Use the formula 

jr= (23r)4 ivti 2 d ' pi d3p2 d ' P3 s 4 (p 

2M (2tt) 3 2£i (2jt) 3 2£ 2 (2jt) 3 2E 3 PX Pl P 

to establish 

G 2 M 5 

(a) r = F , , 

(b) dT/dx ex x 2 (l — 2x/3) where x — 2E e /m, 

(c) ocx 2 [(3 - 2x) + (2x - l)cos0], 

cfxcf cos 0 

where 9 is the angle between the muon spin and the electron direction. 

dT , 

(d) ex 1 + icos0. 

dcosO J 



Further Reading 

Weak interactions are covered quite thoroughly in the text by E. D. Commins and 
P. H. Bucksbaum, Weak Interactions of Leptons and Quarks, Cambridge University 
Press, Cambridge, 1983. 

A personal recollection of the two-neutrino experiment by Melvin Schwartz appears 
in Adventures in Experimental Physics, a, B. Maglich, ed., World Science Education, 
Princeton, NJ, 1972. 
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Experimental Test of Parity Conservation 
in Beta Decay* 
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National Bureau of Standards, Washington, D. C. 

(Received January 15, 1957) 

IN a recent paper 1 on the question of parity in weak 
interactions, Lee and Yang critically surveyed the 
experimental information concerning this question and 
reached the conclusion that there is no existing evidence 
either to support or to refute parity conservation in weak 
interactions. They proposed a number of experiments on 
beta decays and hyperon and meson decays which would 
provide the necessary evidence for parity conservation 
or nonconservation. In beta decay, one could measure 
the angular distribution of the electrons coming from 
beta decays of polarized nuclei. If an asymmetry in the 
distribution between 6 and 180° — 6 (where 6 is the angle 
between the orientation of the parent nuclei and the 
momentum of the electrons) is observed, it provides 
unequivocal proof that parity is not conserved in beta 
decay. This asymmetry effect has been observed in the 
case of oriented Co 60 . 

It has been known for some time that Co 60 nuclei can 
be polarized by the Rose-Gorter method in cerium 
magnesium (cobalt) nitrate, and the degree of polari- 
zation detected by measuring the anisotropy of the 
succeeding gamma rays. 2 To apply this technique to the 
present problem, two major difficulties had to be over- 



come. The beta-particle counter should be placed inside 
the demagnetization cryostat, and the radioactive 
nuclei must be located in a thin surface layer and 
polarized. The schematic diagram of the cryostat is 
shown in Fig. 1. 

To detect beta particles, a thin anthracene crystal 
§ in. in diameterXrs m - thick is located inside the 
vacuum chamber about 2 cm above the Co 60 source. 
The scintillations are transmitted through a glass 
window and a Lucite light pipe 4 feet long to a photo- 
multiplier (6292) which is located at the top of the 
cryostat. The Lucite head is machined to a logarithmic 
spiral shape for maximum light collection. Under this 
condition, the Cs 137 conversion line (624 kev) still 
retains a resolution of 17%. The stability of the beta 
counter was carefully checked for any magnetic or 
temperature effects and none were found. To measure 
the amount of polarization of Co 60 , two additional Nal 
gamma scintillation counters were installed, one in 
the equatorial plane and one near the polar 
position. The observed gamma-ray anisotropy was 
used as a measure of polarization, and, effectively, 
temperature. The bulk susceptibility was also mon- 
itored but this is of secondary significance due 
to surface heating effects, and the gamma-ray ani- 
sotropy alone provides a reliable measure of nuclear 
polarization. Specimens were made by taking good 
single crystals of cerium magnesium nitrate and growing 
on the upper surface only an additional crystalline layer 
containing Co 60 . One might point out here that since the 
allowed beta decay of Co 60 involves a change of spin of 
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Fig. 1. Schematic drawing of the lower part of the cryostat. 
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one unit and no change of parity, it can be given only 
by the Gamow-Teller interaction. This is almost im- 
perative for this experiment. The thickness of the 
radioactive layer used was about 0.002 inch and con- 
tained a few microcuries of activity. Upon demagnetiza- 
tion, the magnet is opened and a vertical solenoid is 
raised around the lower part of the cryoslat. The 
whole process takes about 20 sec. The beta and gamma 
counting is then started. The beta pulses are analyzed 
on a 10-channel pulse-height analyzer with a counting 
interval of 1 minute, and a recording interval of about 
40 seconds. The two gamma counters are biased to 
accept only the pulses from the photopeaks in order to 
discriminate against pulses from Compton scattering. 

A large beta asymmetry was observed. In Fig. 2 we 
have plotted the gamma anisotropy and beta asym- 
metry vs time for polarizing field pointing up and 
pointing down. The time for disappearance of the beta 
asymmetry coincides well with that of gamma ani- 
sotropy. The warm-up time is generally about 6 minutes, 
and the warm counting rates are independent of the 
field direction. The observed beta asymmetry does not 
change sign with reversal of the direction of the de- 
magnetization field, indicating that it is not caused by 
remanent magnetization in the sample. 
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Fig. 2. Gamma anisotropy and beta asymmetry for 
polarizing field pointing up and pointing down. 



The sign of the asymmetry coefficient, a, is negative, 
that is, the emission of beta particles is more favored in 
the direction opposite to that of the nuclear spin. This 
naturally implies that the sign for Ct and Ct' (parity 
conserved and parity not conserved) must be opposite. 
The exact evaluation of a is difficult because of the 
many effects involved. The lower limit of a can be 
estimated roughly, however, from the observed value 
of asymmetry corrected for backscattering. At velocity 
v/c~0.6, the value of a is about 0.4. The value of 
(I,)/ 1 can be calculated from the observed anisotropy 
of the gamma radiation to be about 0.6. These two 
quantities give the lower limit of the asymmetry 
parameter p(a=f}{I z )/I) approximately equal to 0.7. 
In order to evaluate a accurately, many supplementary 
experiments must be carried out to determine the 
various correction factors. It is estimated here only to 
show the large asymmetry effect. According to Lee and 
Yang 3 the present experiment indicates not only thai 
conservation of parity is violated but also that invari- 
ance under charge conjugation is violated. 4 Further- 
more, the invariance under time reversal can also be 
decided from the momentum dependence of the asym- 
metry parameter /3. This effect will be studied later. 

The double nitrate cooling salt has a highly aniso- 
tropic g value. If the symmetry axis of a crystal is not 
set parallel to the polarizing field, a small magnetic 
field will be produced perpendicular to the latter. To 
check whether the beta asymmetry could be caused by 
such a magnetic field distortion, we allowed a drop of 
CoCl 2 solution to dry on a thin plastic disk and cemented 
the disk to the bottom of the same housing. In this way 
the cobalt nuclei should not be cooled sufficiently to 
produce an appreciable nuclear polarization, whereas 
the housing will behave as before. The large beta asym- 
metry was not observed. Furthermore, to investigate 
possible internal magnetic effects on the paths of the 
electrons as they find their way to the surface of the 
crystal, we prepared another source by rubbing CoClj 
solution on the surface of the cooling salt until a 
reasonable amount of the crystal was dissolved. We then 
allowed the solution to dry. No beta asymmetry was 
observed with this specimen. 

More rigorous experimental checks are being initi- 
ated, but in view of the important implications of these 
observations, we report them now in the hope that they 
may stimulate and encourage further experimental 
investigations on the parity question in either beta or 
hyperon and meson decays. 

The inspiring discussions held with Professor T. D. 
Lee and Professor C. N. Yang by one of us (C. S. Wu) 
are gratefully acknowledged. 

* Work partially supported by the U. S. Atomic Energy 
Commission. 

1 T. D. Lee and C. N. Yang, Phys. Rev. 104, 254 (1956). 

2 Ambler, Grace, Halban, Kurti, Durand, and Johnson, Phil. 
Mag. 44, 216 (1953). 

3 Lee, Oehme, and Yang, Phys. Rev. (to be published). 
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* Their arguments are as follows : From the He 8 recoil experi- 
ment and from Eq. (A-4) of reference 1 one concludes that 
(\CA\ 2 +\C/\')/(\C T \ 2 +\CT'\')<i. Hence, by comparing Eq. 
(16) of reference 3 [see also Eq. (A-6) of reference lj, one con- 
cludes that the present large asymmetry is possible only if both 
conservation of parity and invariance under charge conjugation 
are violated. 



Observations of the Failure of Conservation 

of Parity and Charge Conjugation in 

Meson Decays : the Magnetic 

Moment of the Free Muon* 

RlCHARD L. GARWIN,f LeON M. LEDERMAN, 

and Marcel Weinrich 

Physics Department, Nevis Cyclotron Laboratories, 

Columbia University, Irvington-on-Hudson, 

New York, New York 

(Received January 15, 1957) 

LEE and Yang 1-3 have proposed thai the long held 
space-time principles of invariance under charge 
conjugation, time reversal, and space reflection (parity) 
are violated by the "weak" interactions responsible for 
decay of nuclei, mesons, and strange particles. Their 
hypothesis, born out of the r—0 puzzle, 4 was accom- 
panied by the suggestion that confirmation should be 
sought (among other places) in the study of the succes- 
sive reactions 

,r+^M + +x, (1) 



■*e++2v. 



(2) 



They have pointed out that parity nonconservation 
implies a polarization of the spin of the muon emitted 
from stopped pions in (1) along the direction of motion 
and that furthermore, the angular distribution of 
electrons in (2) should serve as an analyzer for the muon 
polarization. They also point out that the longitudinal 
polarization of the muons offers a natural way of 
determining the magnetic moment. 5 Confirmation of 
this proposal in the form of preliminary results on 
/3 decay of oriented nuclei by Wu el al. reached us 
before this experiment was begun. 6 

By stopping, in carbon, the /*+ beam formed by for- 
ward decay in flight of tt + mesons inside the cyclotron, 
we have performed the meson experiment, which 
establishes the following facts : 

I. A large asymmetry is found for the electrons in 
(2), establishing that our m + beam is strongly polarized. 

II. The angular distribution of the electrons is given 
by 1+a cosf, where 8 is measured from the velocity 
vector of the incident m's. We find a= — J with an esti- 
mated error of 10%. 

III. In reactions (1) and (2), parity is not conserved. 

IV. By a theorem of Lee, Oehne, and Yang, 2 the 
observed asymmetry proves that invariance under 
charge conjugation is violated. 

V. The g value (ratio of magnetic moment to spin) 
for the (free) /x + particle is found to be +2.00±0.10, 



VI. The measured g value and the angular distribu- 
tion in (2) lead to the very strong probability that the 
spin of the /i+ is §.' 

VII. The energy dependence of the observed asym- 
metry is not strong. 

VIII. Negative muons stopped in carbon show an 
asymmetry (also leaked backwards) of a~— 1/20, i.e., 
about 15% of that for ti+. 

IX. The magnetic moment of the yr, bound in 
carbon, is found to be negative and agrees within 
limited accuracy with that of the /i + . 8 

X. Large asymmetries are found for the e + from 
polarized /*+ beams stopped in polyethylene and 
calcium. Nuclear emulsion (as a target in Fig. 1) yields 
an asymmetry of about half that observed in carbon. 




RBON TARGET 



MAGNETIC SHIELD 



Fig. 1. Experimental arrangement. The magnetizing coil was 
close wound directly on the carbon to provide a uniform vertical 
field of 79 gauss per ampere. 

The experimental arrangement is shown in Fig. 1. 
The meson beam is extracted from the Nevis cyclotron 
in the conventional manner, undergoing about 120° of 
magnetic deflection in the cyclotron fringing field and 
about —30° of deflection and mild focusing upon 
emerging from the 8-ft shielding wall. The positive 
beam contains about 10% of muons which originate 
principally in the vicinity of the cyclotron target by 
pion decay-in-flight. Eight inches of carbon are used 
in the entrance telescope to separate the muons, the 
mean range of the "85-"\Iev pions being ~5 in. of 
carbon. This arrangement brings a maximum number 
of muons to rest in the carbon target. The stopping of 
a muon is signalled by a fast 1-2 coincidence count. 
The subsequent beta decay of the muon is detected by 
the electron telescope 3-4 which normally requires a 
particle of range >8 g/cm 2 (~25-Mev electrons) to 
register. This arrangement has been used to measure 
the lifetimes of fi + and tf mesons in a vast number of 
elements. 9 Counting rates are normally ^20 electrons/ 
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min in the n + beam and <~150 electrons/min in the yr 
beam with background of the order of 1 count/min. 

In the present investigation, the 1-2 pulse initiates a 
gate of duration T=\.25 ^isec. This gate is delayed by 
<i= 0.75 Msec and placed in coincidence with the electron 
detector. Thus the system counts electrons of energy 
>25 Mev which are born between 0.75 and 2.0 Msec 
after the muon has come to rest in carbon. Consider 
now the possibility that the muons are created in 
reaction (1) with large polarization in the direction of 
motion. If the gyromagnetic ratio is 2.0, these will 
maintain their polarization throughout the trajectory. 
Assume now that the processes of slowing down, stop- 
ping, and the microsecond of waiting do not depolarize 
the muons. In this case, the electrons emitted from the 
target may have an angular asymmetry about the 
polarization direction, e.g., for spin J of the form 
1+a cost*. In the absence of any vertical magnetic field, 
the counter system will sample this distribution at 
9=100°. We now apply a small vertical field in the 
magnetically shielded enclosure about the target, which 
causes the muons to precess at a rate of {n/sh)H 
radians per sec. The probability distribution in angle is 
carried around with the ji-spin. In this manner we can, 
with a fixed counter system, sample the entire distribu- 
tion by plotting counts as a function of magnetizing 
current for a given time delay. A typical run is shown 
in Fig. 2. As an example of a systematic check, we have 
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Fig. 2. Variation of gated 3-4 counting rate with magnetizing 
current. The solid curve is computed from an assumed electron 
angular distribution 1— 3 cos#, with counter and gate-width 
resolution folded in. 



reduced the absorber in the telescope to 5 in. so that the 
end-of-range of the main pion beam occurred at the 
carbon target. The electron rate rose accordingly by a 
factor of 10, indicating that now electrons were arising 
from muons isotropically emitted by pions at rest in 
the carbon. No variation in counting rate with mag- 
netizing current was then observed, the ratio of the 
rate for 7"= +0.170 amp to that for I=— 0.150 amp, 
for example, being 0.989±0.028. The highest field pro- 
duced at the target was ~50 gauss which generates a 
stray field outside of the magnetic shield of <^ the 



cyclotron fringing field of 20 gauss. The only conceiv- 
able effect of the magnetizing current is the precession 
of muon spins and we are, therefore, led to conclusions 
I-IV as necessary consequences of these observations. 
The solid curve in Fig. 2 is a theoretical fit to a 
distribution 1— -J cosfl, where 

(1) the gyromagnetic ratio is taken to be +2.00 ;'° 

(2) the angular breadth of the electron telescope and 
the gate-width smearing are folded in, as well as (to 
first order) the exponential decay rate of muons within 
the gate ; 

(3) the small residual cyclotron stray field {up for 
Fig. 2, the positive magnetizing current producing a 
down field) is included. This has the accidental effect of 
converting the 100° initial angle (H=0) to 89° as in 
Fig. 2. We note that this experiment establishes only a 
lower limit to the magnitude of a, since the percent 
polarization at the time of decay is not known. If 
polarization is complete, a= — 0.33±0.03. 

Proof of the 2ir symmetry of the distribution and the 
sign of the moment was obtained by shifting the 
electron counters to 65° with respect to the incident 
muon direction. The repetition of a magnetizing run 
yielded a curve as in Fig. 2 but shifted to the right by 
0.075 ampere (5.9 gauss) corresponding to a precession 
angle of 37°, in agreement with the spatial rotation of 
the counter system. Thus we are led to conclusions V 
and VI. 

A specific model, the two-component neutrino theory, 
has been proposed by Lee and Yang 3 in an attempt to 
introduce parity nonconservation naturally into ele- 
mentary particle theory. This theory predicts, for our 
experimental arrangement and on the basis of 1.86 
for the integrated spectrum (Fig. 2), a ratio of the 
order of 2.5 for energies greater than 35 Mev. We have 
increased the amount of absorber in the electron tele- 
scope to exclude electrons of less than <~35 Mev. The 
resulting peak-to-valley ratio was then observed to be 
1.92±0.19. 11 

We have also detected asymmetry in negative muon 
decay and have verified that the moment is negative 
and roughly equal to that of the positive muon. 7 The 
asymmetry in this case is also peaked backwards. 

Various other materials were investigated for n + 
mesons. Nuclear emulsion as a target was found to have 
a significantly weaker asymmetry (peak-to-valley ratio 
of 1.40±0.07) and it is interesting to note that this did 
not increase with reduced delay and gate width. Neither 
was there any evidence for an altered moment. It seems 
possible that polarized positive and negative muons will 
become a powerful tool for exploring magnetic fields in 
nuclei (even in Pb, 2% of the n~ decay into electrons 9 ), 
atoms, and interatomic regions. 

The authors wish to acknowledge the essential role of 
Professor Tsung-Dao Lee in clarifying for us the papers 
of Lee and Yang. We are also indebted to Professor 
C. S. Wu 6 for reports of her preliminary results in the 
Co 60 experiment which played a crucial part in the 
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Columbia discussions immediately preceding this 
experiment. 

* Research supported in part by the joint program of the 
Office of Naval Research and the U. S. Atomic Energy Com- 
mission. 

t Also at International Business Machines, Watson Scientific 
Laboratories, New York, New York. 
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6 T. D. Lee and C. N. Yang (private communication). 
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gives the magnetic moment directly by (^A///^)(/i+^7 1 )S = tt > 
where 5=1.06 is a first-order resolution correction which takes 
into account the finite gate width and muon lifetime. The 5% 
uncertainty comes principally from lack of knowledge of the 
magnetic field in carbon. Independent evidence that g=2 (to 
~10%) comes from the coincidence of the polarization axis 
with the velocity vector of the stopped p's. This implies that 
the spin precession frequency is identical to the p cyclotron 
frequency during the 90° net magnetic deflection of the muon 
beam in transit from the cyclotron to the 1-2 telescope. We have 
designed a magnetic resonance experiment to determine the 
magnetic moment to ~0.03%. 

11 Note added in proof.— We have now observed an energy de- 
pendence of a in the 1+a cos 9 distribution which is somewhat 
less steep but in rough qualitative agreement with that predicted 
by the two-component neutrino theory (p— *e-\-v-\-v) without 
derivative coupling. The peak-to-valley ratios for electrons 
traversing 9.3 g/cm 2 , 15.6 g/cm 2 , and 19.8 g/cm 2 of graphite are 
observed to he 1.80±0.07, 1.84±0.11, and 2.20±0.10, respec- 
tively. 
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Nonconservation in the Decay Chain 
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LEE and Yang 1 recently re-examined the problem as 
to whether parity is conserved in nature and 
emphasized the fact that one actually lacks experi- 
mental evidence in support of this most natural 
hypothesis in the case of weak interactions (such as 
/3 decay). Violation of parity conservation can be 
inferred essentially only by measuring the probability 
distribution of some pseudoscalar quantity, e.g., of the 
projection of a polar vector along an axial vector, and 
measurements of this kind had not been reported. Lee 
and Yang suggested several experiments in which a 
spin direction is available as a suitable axial vector; 
in particular, they pointed out that the initial direction 
of motion of the muon in the process w— >m+ v can serve 
for this purpose, as the muon will be produced with 
its spin axis along its initial line of motion if the Hamil- 
tonian responsible for this process does not have the cus- 
tomary invariance properties. If parity is further not 
conserved in the process /»— >e+2c, then a forward- 
backward asymmetry in the distribution of angles W{6) 
between this initial direction of motion and the momen- 
tum, p,., of the decay electron is predicted. 

It is easy to observe the pertinent correlation by 
bringing ir + mesons to rest in a nuclear emulsion in 
which the m + meson also stops. One has only to bear in 
mind two facts: (1) even weak magnetic fields, such as 
the fringing field of a cyclotron, can obliterate a real 
effect, as the precession frequency of a Dirac n meson is 
(2.8/207)X10 6 sec-'/gauss; (2) m + can form "muon- 
ium," i.e., (m + «~), and the formation of this atom 
can be an additional source of depolarization, both 
through its internal hyperfine splitting and the preces- 
sion of its total magnetic moment around the external 
field. In the absence of specific experiments on muonium 
formation, one can perhaps be guided by analogous 
data on positronium in solids. 2,3 

With these facts in mind, we exposed (in early 
October, 1956) nuclear emulsion pellicles (1 mm thick) 
to a JT+ beam of the University of Chicago synchro- 
cyclotron. The pellicles were contained inside three 
concentric tubular magnetic shields and subject to 
<4X10 -3 gauss. Over 1300 complete T—p—e decays 
have been recorded to date, and the space angle 6 
defined above has been calculated for each. From these 
preliminary data we find 4 

J,. 180- -W . . -ISO* 

\w(e)\dQ~ I \w(e)\da / J w($)cm 

= 0.062±0.027, 
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W(9) = 1-0.12 COS?, 

i.e., the presence of an excess in the backward hemis- 
phere to a 95% confidence level. This effect agrees in 
sign and magnitude with one observed in a recent 
analogous experiment 6 performed electronically at 
Columbia University. 

In connecting our result with basic theoretical 
principles, one has to remember (a) that the asymmetry 
observed here is only a lower limit owing to the possi- 
bility of muonium formation 6 and other conceivable 
depolarization effects; (b) that existence of an asym- 
metry implies the joint violation of parity conservation 
and charge conjugation invariance rather than of parity 
conservation alone. 7 

In view of the intrinsic importance of the subject, 
we consider it worthwhile to present our data at this 
preliminary stage. 

We would like to thank the Columbia workers, in 



particular R. L. Garwin, for communicating their un- 
published results to us. We are grateful to R. Oehme 
for illuminating theoretical discussions and to R. Levi- 
Setti for criticism of the experimental techniques. 

* This work was supported by a joint program of the Office of 
Naval Research and the U. S. Atomic Energy Commission. 
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B Garwin, Lederman, and Weinrich (private communication 
from R. L. Garwin, January 13, 1957). 

6 The Columbia workers find that the observed asymmetry 
appears to depend on the material stopping the n + mesons. This 
is consistent with (jx + e~) formation and suggests the use of n~ 
mesons for absolute measurements, in low-Z materials with no 
nuclear magnetic moment. 
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Parity and the Polarization of Electrons 
from Co 60 f 

H. Frauenfelder, R. Bobone, E. von Goeler, N. Levine, 

H. R. Lewis, R. N. Peacock, A. Rossi, and G. De Pasquali 

University of Illinois, Urbana, Illinois 

(Received March 1, 1957) 

LEE and Yang 1 recently proposed that parity may 
not be conserved in weak interactions and sug- 
gested various experiments to verify their hypothesis. 
Two of the experiments have since been performed with 
positive result — the asymmetry of the electron emission 
from aligned nuclei 8 and the polarization of muons. 3,4 
In a second paper, 5 Lee and Yang discuss a two-compo- 
nent theory of the neutrino and consider some more 
experimental tests. Among these, they list the measure- 
ment of momentum and polarization of electrons 
emitted in beta decay. If parity is not conserved, the 
electrons should be longitudinally polarized. For tensor 



and scalar interaction, the degree of polarization is 
simply equal to (»/c). 6 ' 7 We have found this polarization 
in the case of Co 60 . 

The observation of the expected longitudinal polari- 
zation of the electrons is difficult. However, by means of 
an electrostatic deflector, the longitudinal polarization 
can be transformed into a transverse one. 8 The trans- 
verse polarization can be measured by scattering the 
electrons with a thin foil of a high-Z material (Mott 
scattering). Because of the spin-orbit interaction, the 
elastically scattered electrons show a strong left-right 
asymmetry, especially at scattering angles between 90° 
and ISO 0 . 9 From this measurable asymmetry, the initial 
longitudinal polarization can be calculated. 

The experimental arrangement is housed in a cylin- 
drical vacuum chamber of 30-cm diameter. The elec- 
trons from a Co s0 source are deflected in a cylindrical 
electrostatic field (radius of curvature 6 cm) by about 
108° and then impinge on the scattering foil. The left- 
right asymmetry of electrons scattered into the angular 
interval 95° to 140° is measured with two end-window 
Geiger counters (3.5 mg/cm 2 mica windows). Two 
electroplated Co 60 sources are used, one of about 1 mC 
strength on aluminum (1.7 mg/cm 2 ), the other of 6 mC 
strength on a silver-covered rubber hydrochloride film 
(0.6 mg/cm 2 ). The electrostatic deflector is designed 
so that electrons of about 100-kev energy completely 
change their polarization from longitudinal to trans- 
verse. The scattering foils (0.05 mg/cm 2 gold, 0.15 
mg/cm 2 gold, 1.7 mg/cm 2 aluminum, all backed by 0.9 
mg/cm 2 Mylar) can be interchanged from the outside. 

For an ideal arrangement, the left-right asymmetry in 
the counters would be L/R=\_\+Pa{6)~}/\_\-Pa{6)']. w 
P is the initial longitudinal polarization of the electrons 
and a{&) the polarization asymmetry factor after 
scattering by an angle 0 in the analyzer foil. In the 
actual experiment, however, the determination of P 
from L/R involves corrections for (1) the asymmetry 
of the two counters, (2) the finite extension of scatterer 
and counters, and (3) incomplete transformation from 
longitudinal to transverse polarization. The first cor- 
rection was performed experimentally by using the 
nearly isotropic scattering from aluminum foils; the 
second and third corrections were calculated in a first 
approximation. A correction for depolarization in the 
source and the analyzer was neglected completely. 

The results of some runs are given in Table I. Even 
though these data are only very preliminary, some 
conclusions can be drawn. 

Table I. The polarization of electrons from Co 60 . 



■»A 



Gold scat- 
tering foil 
mg/cm 2 



Left-right Longitudinal 

aaymmetry polarization 

L/R P 



50 
68 

77 
77 



0.41 0.15 

0.47 0.15 

0.49 0.05 

0.49 0.15 



1.03±0.03 
1.13±0.02 
1.35±0.06 
1.30±0.09 



-0.04 
-0.16 
-0.40 
-0.35 
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1. The violation of parity conservation is obvious. 
Every run (about five in addition to the ones shown in 
Table I) shows a definite left-right asymmetry. 

2. The negative sign of the polarization P indicates 
that the beta particles are polarized in the direction 
opposite to their momentum. This conclusion agrees 
with the experiment of Wu et al. 2 

3. The values of P are not in disagreement with the 
two-component theory, which gives P= —v/c. The de- 
viations, especially at lower energies, can easily be due 
to depolarization in the source and in the analyzer. 
More accurate measurements and further investigation 
of the corrections are required for a detailed comparison 
between theory and experiment. 

We are very much indebted to Dr. J. Weneser for 
many illuminating discussions. 

t Assisted by the joint program of the Office of Naval Research 
and the U. S. Atomic Energy Commission. 

1 T. D. Lee and C. N. Yang, Phys. Rev. 104, 254 (1956). 

2 Wu, Ambler, Hayward, Hoppes, and Hudson, Phys. Rev. 105, 
1413 (1957). 

1 J. I. Friedman and V. L. Telegdi, Phys. Rev. 105, 1681 (1957) . 

4 Garwin, Lederman, and Weinrich, Phys. Rev. 105, 1415 
(1957). 

' T. D. Lee and C. N. Yang, Phys. Rev. 105, 1671 (1957). 

6 L. Landau (to be published). 

7 Jackson, Treiman, and Wyld (to be published). 
8 H. A. Tolhoek, Revs. Modern Phys. 28, 277 (1956). 

9 N. Sherman, Phys. Rev. 103, 1601 (1956). 

10 We use P= (/+—/_)/(/++/-), where /+ is the intensity of 
electrons polarized along their initial momenta and /_ is the 
intensity of electrons polarized in the opposite direction. We 
define "left" by p 3 - (piXP2)>0, where pi, p 2 , and P3 are, respec- 
tively, the electron momenta immediately after emission from the 
source, before scattering from the analyzer, and after scattering 
from the analyzer. 
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Helicity of Neutrinos* 

M. GOLDHABER, L. GRODZINS, AND A. W. St/NYAR 

Brookhaven National Laboratory, Upton, New York 
(Received December 11, 1957) 

A COMBINED analysis of circular polarization and 
resonant scattering of y rays following orbital 
electron capture measures the helicity of the neutrino. 
We have carried out such a measurement with Eu 152ra , 
which decays by orbital electron capture. If we assume 
the most plausible spin-parity assignment for this 
isomer compatible with its decay scheme, 1 0 — , we find 
that the neutrino is "left-handed," i.e., a,-p v ~— 1 
(negative helicity). 

Our method may be illustrated by the following 
simple example: take a nucleus A (spin 7=0) which 
decays by allowed orbital electron capture, to an 
excited state of a nucleus 73(7=1), from which a y ray 
is emitted to the ground state of 73(7=0). The condi- 
tions necessary for resonant scattering are best fulfilled 
for those y rays which are emitted opposite to the 
neutrino, which have an energy comparable to that of 
the neutrino, and which are emitted before the recoil 
energy is lost. Since the orbital electrons captured by a 
nucleus are almost entirely s electrons (K, L%, ■ ■ ■ elec- 
trons of spin S = J) , the substates of the daughter nucleus 
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Fig. 1, Experimental arrangement for analyzing circular polar- 
ization of resonant scattered y-rays. Weight of Sm a 0 3 scatterer: 
1850 grams. 

B, formed when a neutrino is emitted in the Z direction, 
are m= — 1, 0 if the neutrino has positive helicity, and 
m= + l, 0 if the neutrino has negative helicity. In 
either case, the helicity of the y ray emitted in the 
(— Z) direction is the same as that of the neutrino. 
Thus, a measurement of the circular polarization of 
the 7 rays which are resonant-scattered by the nu- 
cleus B, yields directly the helicity of the neutrino, if 
one assumes only the well-established conservation 
laws of momentum and angular momentum. 

To carry out this measurement we have used a 
nucleus which appears to have the properties postulated 
in the example given: 6aEu 152m (9.3 hr). It probably has 
spin 0 and odd parity. 1 It decays to an excited state of 
62Sm 162 (1 — ) with emission of neutrinos which have an 
energy of 840 kev in the most prominent case of 
X-electron capture. This is followed by an El 7-ray 
transition of 960 kev to the ground state (0+). The 
excited state has a mean life of (3±1)X10 -14 sec, as 
determined by Grodzins. 1 Thus, even in a solid source 
most of the 7-ray emission takes place before the 
momentum of the recoil nucleus has changed appre- 
ciably. 

The experimental arrangement used is shown in 
Fig. 1. The Eu 162 " 1 source is inserted inside an electro- 
magnet which is alternately (every three minutes) 
magnetized in the up or down direction. The 7 rays 
which pass through the magnet are resonant-scattered 
from a Sm 2 0 3 scatterer (26.8% Sm 1M ), and detected in 
a 2-in.X3j-in. cylindrical Nal(Tl) scintillation counter. 
The photomultiplier (RCA 6342) is magnetically 
shielded by an iron cylinder and a mu-metal shield. 



The effectiveness of this magnetic shield was demon- 
strated by check experiments with a Cs 137 7-ray source 
in a manner similar to that described previously. 2 No 
significant effect of magnetic field reversal on the photo- 
multiplier output was noticed when two narrow ac- 
ceptance channels were set on the steeply sloping low- 
and high-energy wings of the 661-kev photopeak, 
respectively. 

The source was produced by bombarding ~10 mg of 
EU2O3 in the Brookhaven reactor. In typical runs the 
intensity varied from 50-100 mC. Nine runs varying 
in length from 3 to 9 hours were carried out. The 
scattered radiation is shown in Fig. 2. It contains both 
y rays emitted from the 960-kev state (960 and 840 
kev). Counts were accumulated simultaneously in 3 
channels A, B, and C as shown in Fig. 2. A cycle of 
field reversals was used such that the decay corrections 
were negligible. No effects of field reversal or decay 
were noticed in channel C. Channel A exhibited a 
possible small magnetic field effect which was less than 
one-tenth of that observed in channel B. In channel B, 
which bracketed the photopeaks, a total of ~3X10 6 
counts were accumulated. In 6 runs carried out in the 
arrangement shown in Fig. 1, an effect 6= (JV_— N + )f 
i(iV_-HV+) = +0.017±0.003 was found in channel B 
after the nonresonant background had been subtracted. 
Here N + is defined as the counting rate with the mag- 
netic field pointing up, and iV_ as the counting rate 
with the field pointing down. 



10 5 




YIELD WITH 

Sm 2 Oj SCATTERER 



NON-RESONANT 
BACKGROUND 



18 20 22 24 26 28 30 32 34 36 
PULSE HEIGHT IN VOLTS 

Fig. 2. Resonant-scattered y rays of Eu 16am . Upper curve is 
taken with arrangement shown in Fig. 1 with unmagnetized iron. 
Lower curve shows nonresonant background (including natural 
background). 
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The magnet response was tested with the brems- 
strahlung from a Sr 90 +Y 90 source, for which the helicity 
is negative, 2 a-,-p y = — l. Eu 152m runs were made with 
both solid and dissolved sources (HC1 solution), and 
both gave similar results. The effective path length of 
the 960-kev y ray in the magnet was somewhat un- 
certain, partly because of the extent of the source and 
partly because of a lack of knowledge of the field 
distribution in the return path. We estimate that the 
average path is equivalent to 3±0.3 mean free paths in 
fully magnetized iron. From this we expect an effect of 
5= ±0.025 with an accuracy of 10%, if the 960-kev 
y rays are 100% circularly polarized, with the — sign 
corresponding to positive helicity (spin parallel to their 
direction of propagation) and the + sign to negative 
helicity. Thus we find that in our case the y rays are 
(68±14%) circularly polarized, and that their helicity 
is negative. As a further check, 3 runs were carried out 
with a shorter magnet of length 3J in. with the source 
on top of the magnet. In this case also a negative 
helicity was found, the circular polarization being 
(66±15%). 

From the energy of the neutrinos emitted, the width 
of the 7-ray line, and the fact that the circular polariza- 
tion varies with the direction of emission of the y ray 
relative to the neutrino as cosO, we calculate that a 
circular polarization, which in the ideal case discussed 
above would be 100%, would be reduced to ~7S%. This 
should be further reduced to a slight extent because of 
the effect of thermal motion and because some y rays 
are emitted after the recoil has changed momentum. 
Thus our result seems compatible with spin 0— for 
Eu 162m , and 100% negative helicity of the neutrinos 
emitted in orbital electron capture. 3 

In all formulations of /3-decay theory no distinction 
is made between the neutrino emitted in orbital electron 
capture and that emitted in /3+ decay. Taken together 
with the fact that the helicity of the positrons in a 
Gamow-Teller transition is positive 4 or with the fact 
that positrons are emitted from oriented nuclei in the 
direction in which the nuclear spin is pointing, 5 our 
result indicates that the Gamow-Teller interaction is 
axial vector (A) for positron emitters, in agreement with 
the conclusions of Hermannsfeldt et at." These authors 
show that all recoil experiments with /3 + emitters are 
compatible with AV, but not with TS interactions 
which have been reported for /3~ emitters (largely based 
on He 6 recoil experiments). 7 The AV combination may 
be compatible with lepton conservation and a universal 
Fermi interaction as pointed out by Sudarshan and 
Marshak 8 and by Feynman and Gell-Mann. 9 This view 
is strengthened by the recent results showing positive 
helicity for the positrons from /j. + decay. 10 It would 
therefore seem desirable to apply the method described 
here to a /3~ emitter in order to determine the helicity 
of the antineutrino. Although the analysis of such an 
experiment is considerably more complicated, it may 
prove possible to reach a decision between A and T, 



which is independent of the "classical" recoil ex- 
periments. 

We wish to thank J. Weneser for many valuable 
discussions. f 

* Work performed under the auspices of the U. S. Atomic 
Energy Commission. 
1 L. Grodzins, Phys. Rev. 109, 1015 (1958), preceding Letter. 
' Goldhaber, Grodzins, and Sunyar, Phys. Rev. 106, 826 (1957). 
3 It is worthwhile to inquire how our conclusions are affected 
if the less plausible spin-parity assignments of IT are assumed for 
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Eu 1527 ". For the case of 
(unpublished) finds 



Oy-py 



|Ggt| 2 +|G f j' 



where Ggt=MgtCgt and Gf = MfCf. This has been calculated 
on the simplifying assumption that the two- component neutrino 
theory and time-reversal invariance hold [see T. D. Lee and 
C. N. Yang, Phys. Rev. 105, 1671 (1957)]. For a neutrino helicity 
of —1 the photon helicity varies from +0.5 to —1.0, and for a 
neutrino helicity of +1 the photon helicity varies from —0.5 to 
+ 1-0. Considering the reduction factors discussed above, the 
experimentally found helicity of the 7 rays is in agreement with 
the assumption of neutrinos of negative helicity, even if Eu I5£m 
has spin-parity 1 — . In the other very unlikely case of a 1 + assign- 
ment to Eu 152 " 1 , we could not at present draw a definite conclusion 
concerning the neutrino helicity. The theory for first forbidden 
transitions is being investigated by A. M. Bincer. 
4 L. A. Page and M. Heinberg, Phys. Rev. 106, 1220 (1957). 

5 Ambler, Hayward, Hoppes, Hudson, and Wu, Phys. Rev. 106, 
1361 (1957); Postma, Huiskamp, Miedema, Steenland, Tolhoek, 
and Gorter, Physica 23, 259 (1957). 

6 Hermannsfeldt, Maxson, Stahelin, and Allen, Phys. Rev. 107, 
641 (1957). ' 

7 B. M. Rustad and S. L. Ruby, Phys. Rev. 97, 991 (1955). 

8 E. C. G. Sudarshan and R. Marshak, Phys. Rev. (to be 
published). 

9 R. P. Feynman and M. Gell-Mann, Phys. Rev. 109, 193 
(1958). 

10 Culligan, Frank, Holt, Kluyver, and Massam, Nature 180, 
751 (1957). 

f Note added in proof.— According to a private communication 
from Professor V. L. Telegdi, a refinement of the experiment of 
Burgy, Epstein, Krohn, Novey, Raboy, Ringo, and Telegdi, [Phys. 
Rev. 107, 1731 (1957)] favors V-A for the 0 interaction. 
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Free Antineutrino Absorption Cross Section. I. Measurement of the Free 
Antineutrino Absorption Cross Section by Protons* 

Frederick Reines and Clyde L. Cowan, Ju.f 

Los Alamos Scientific Laboratory, University of California, Los Alamos, New Mexico 

(Received September 8, 1958) 

The cross section for the reaction p(v,0 + )n was measured using antineutrinos (v) from a powerful fission 
reactor at the Savannah River Plant of the United States Atomic Energy Commission. Target protons were 
provided by a 1.4X10 3 liter liquid scintillation detector in which the scintillator solution (triethylbenzene, 
terphyenyl, and POPOP) was loaded with a cadmium compound (cadmium octoate) to allow the detection 
of the reaction by means of the delayed coincidence technique. The first pulse of the pair was caused by the 
slowing down and annihilation of the positron (& + ), the second by the capture of the neutron (n) in cadmium 
following its moderation by the scintillator protons. A second giant scintillation detector without cadmium 
loading was used above the first to provide an anticoincidence signal against events induced by cosmic rays. 
The antineutrino signal was related to the reactor by means of runs taken while the reactor was on and off. 
Reactor radiations other than antineutrinos were ruled out as the cause of the signal by a differential 
shielding experiment. The signal rate was 36=L4 events/hr and the signal-to-noise ratio was §, where half 
the noise was correlated and cosmic-ray associated and about half was due to non-reactor-associated 
accidental coincidences. The cross section per fission v (assuming 6.1 v per fission) for the inverse beta decay 
of the proton was measured to be (11±2.6)X10~ W cm 2 /*" or (6.7±1.5)X10~* 3 cm 2 / fission. These values are 
consistent with prediction based on the two-component theory of the neutrino. 



L INTRODUCTION 

A DETERMINATION of the cross section for the 
reaction: antineutrino (v) on a proton (p + ) to 
yield a positron (/S+) and a neutron (n), 



i>-{-p + — >&+-{- n, 



(i) 



permits a check to be made on the combination of 
fundamental parameters on which the cross section 
depends. Implicit in a theoretical prediction of the 
cross section are (1) the principle of microscopic 
reversibility, (2) the spin of the v, (3) the particular 
neutrino theory employed : e.g., two- or four-component, 
(4) the neutron half-life and its decay electron spectrum, 
and (5) the spectrum of the incident v's. 

An experiment which was performed to identify 
antineutrinos from a fission reactor 1 yielded an approxi- 
mate value for this cross section. Following this work, 
however (and prior to the parity developments involved 
in point 3), the equipment was modified in order to 
obtain a belter value of the cross section. The modifica- 
tion consisted in the addition of a cadmium salt of 
2-ethylhexanoic acid to the scintillator solution 2 of one 
of the detectors of reference 1, utilizing the protons of 
the solution as targets for antineutrinos, and making 
the necessary changes in circuitry to observe both 
positrons and neutron captures in the detector resulting 
from antineutrino-induced beta decay in the detector. 
In addition, a second detector used in the experiment 



* Work performed under the auspices of the U. S. Atomic 
Energy Commission. 

t Now at the Department of Physics, George Washington 
University, Washington, D. C. 

1 Cowan, Reines, Harrison, Kruse, and McGuire, Science 124, 
103 (1956). 

2 Ronzio, Cowan, and Reines, Rev. Sci. Instr. 29, 146 (1958), 
describe the preparation and handling of liquid scintillators 
developed for the Los Alamos neutrino program. 



of reference 1 was now used as an anticoincidence 
shield against cosmic-ray-induced backgrounds, and 
static shielding was increased by provision of a water 
tank about 12-inches thick below the target detector. 
The delayed-coincidence count rate resulting from the 
positron pulse followed by the capture of the neutron 
was observed as a function of reactor power, and an 
analysis of the reactor-associated signal yielded, in 
addition to an independent identification of the free 
antineutrino, a measure of the cross section for the 
reaction and a spectrum of first-pulse (or j>) energies. 
Since the antineutrino spectrum is simply related to 
the /3 + spectrum, the measurement yields an anti- 
neutrino spectrum above the 1.8-Mev reaction thresh- 
old. The spectrum is, however, seriously degraded by 
edge effects in the detector. 

This experiment was identical in principle with that 
performed at Hanford in 1953. 3 It was, however, 
definitive from the point of view of antineutrino 
identification (whereas the Hanford experiment was 
not) because of a series of technical improvements, 
coupled with the better shielding against cosmic rays 
achieved by going underground. The improvements 
consisted in the use of an isolated power supply to 
dimmish electrical noise from nearby machinery, better 
shielding from the reactor gamma-ray and neutron 
background, a more complete anticoincidence shield 
against charged cosmic rays through the use of a liquid 
scintillation detector, and use of a large detector 
containing 6.5 times as many proton targets. 4 In 
addition, oscilloscopic presentation and photographic 
recording of the data assisted materially in analyzing 
the signals and rejecting electrical noise. 

J F. Reines and C. L. Cowan, Jr., Phys. Rev. 90, 492 (1953). 

i The gain, times 6.5, due to the increase in target protons was 
largely balanced by a decrease in the neutron detection efficiency, 
times \, made necessary by other experimental considerations. 
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OBSERVATION OF HIGH-ENERGY NEUTRINO REACTIONS AND THE EXISTENCE 
OF TWO KINDS OF NEUTRINOS* 
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M. Schwartz, t and J. Steinbergert 

Columbia University, New York, New York and Brookhaven National Laboratory, Upton, New York 
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In the course of an experiment at the Brook- 
haven AGS, we have observed the interaction 
of high -energy neutrinos with matter. These 
neutrinos were produced primarily as the result 
of the decay of the pion: 



n ± ~^ ± + (v/v). 



(1) 



It is the purpose of this Letter to report some of 
the results of this experiment including (1) dem- 
onstration that the neutrinos we have used pro- 



36 



duce li mesons but do not produce electrons, and 
hence are very likely different from the neutrinos 
involved in 0 decay and (2) approximate cross 
sections. 

Behavior of cross section as a function of en- 
ergy. The Fermi theory of weak interactions 
which works well at low energies implies a cross 
section for weak interactions which increases as 
phase space. Calculation indicates that weak in- 
teracting cross sections should be in the neigh- 
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borhood of 10" 39 cm 2 at about 1 BeV. Lee and 
Yang 1 first calculated the detailed cross sections 
for 

v + n -*p + e~, 

(2) 



v+p -*n + e , 



(3) 



using the vector form factor deduced from elec- 
tron scattering results and assuming the axial 
vector form factor to be the same as the vector 
form factor. Subsequent work has been done by 
Yamaguchi 5 and Cabbibo and Gatto. 3 These cal- 
culations have been used as standards for com- 
parison with experiments. 

Unitarity and the absence of the decay ft*e*y- 
A major difficulty of the Fermi theory at high 
energies is the necessity that it break down be- 
fore the cross section reaches uX s , violating 
unitarity. This breakdown must occur below 
300 BeV in the center of mass. This difficulty 
may be avoided if an intermediate boson medi- 
ates the weak interactions. Feinberg 4 pointed 
out, however, that such a boson implies a branch- 
ing ratio (/a -e +y)/(V ~e + v+v) of the order of 
10"*, unless the neutrinos associated with muons 
are different from those associated with elec- 
trons. 5 Lee and Yang 6 have subsequently noted 
that any general mechanism which would pre- 
serve unitarity should lead to a p —e +y branch- 
ing ratio not too different from the above. Inas- 
much as the branching ratio is measured to be 
~10~ B , 7 the hypothesis that the two neutrinos may 



be different has found some favor. It is expected 
that if there is only one type of neutrino, then 
neutrino interactions should produce muons and 
electrons in equal abundance. In the event that 
there are two neutrinos, there is no reason to 
expect any electrons at all. 

The feasibility of doing neutrino experiments 
at accelerators was proposed independently by 
Pontecorvo 8 and Schwartz. 9 It was shown that 
the fluxes of neutrinos available from accelera- 
tors should produce of the order of several events 
per day per 10 tons of detector. 

The essential scheme of the experiment is as 
follows: A neutrino "beam" is generated by de- 
cay in flight of plons according to reaction (1). 
The pions are produced by 15 -BeV protons strik- 
ing a beryllium target at one end of a 10-ft long 
Straight section. The resulting entire flux of 
particles moving in the general direction of the 
detector strikes a 13.5-m thick iron shield wall 
at a distance of 21 m from the target. Neutrino 
interactions are observed in a 10 -ton aluminum 
spark chamber located behind this shield. 

The line of flight of the beam from target to 
detector makes an angle of 7.5° with respect to 
the internal proton direction (see Fig. 1). The 
operating energy of 1 5 BeV is chosen to keep 
the muons penetrating the shield to a tolerable 
level. 

The number and energy spectrum of neutrinos 
from reaction (1) can be rather well calculated, 
on the basis of measured pion-productiyn rates 10 
and the geometry. The expected neutrino flux 
from n decay is shown in Fig. 2. Also shown is 




FIG. I. Plan view of AGS neutrino experiment. 
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FIG, 2. Energy spectrum of neutrinos expected in 
the arrangement of Fig. 1 for 15-BeV protons on Be. 



an estimate of neutrinos from the decay K* - jt* 
+ v§>). Various checks were performed to com- 
pare the targeting efficiency {fraction of circulat- 
ing beam that interacts in the target) during the 
neutrino run with the efficiency during the beam 
survey run. (We believe this efficiency to be 
close to 70%.) The pion -neutrino flux is con- 
sidered reliable to approximately 30% down to 
300 MeV/c, but the flux below this momentum 
does not contribute to the results we wish to 
present. 

The main shielding wall thickness, 13.5 m for 
most of the run, absorbs strongly interacting 
particles by nuclear interaction and muons up 
to 17 BeV by ionization loss. The absorption 
mean free path in iron for pions of 3, 6, and 
9 BeV has been measured to be less than 0.24 
m. 11 Thus the shield provides an attenuation 
of the order of 10" 21 for strongly interacting 
particles. This attenuation is more than suf- 
ficient to reduce these particles to a level com- 
patible with this experiment. The background 
of strongly interacting particles within the de- 
tector shield probably enters through the con- 
crete floor and roof of the 5. 5-m thick side wall, 
fndications of such leaks were, in fact, obtained 
during the early phases of the experiment and 
the shielding subsequently improved. The argu- 
ment that our observations are not induced by 
strongly interacting particles will also be made 
on the basis of the detailed structure of the data. 



The spark chamber detector consists of an ar- 
ray of 10 one-ton modules. Each unit has 9 alu- 
minum plates 44 in, x 44 in. * 1 in. thick, sepa- 
rated by |-in. Lucite spacers. Each module is 
driven by a specially designed high -pressure 
spark gap and the entire assembly triggered as 
described below. The chamber will be more 
fully described elsewhere. Figure 3 illustrates 
the arrangement of coincidence and anticoinci- 
dence counters. Top, back, and front anticoinci- 
dence sheets (a total of 50 counters, each 48 in, 
xll in. Xj in.) are provided to reduce the effect 
of cosmic rays and AGS -produced muons which 
penetrate the shield. The top slab is shielded 
against neutrino events by 6 in. of steel and the 
back slab by 3 ft of steel and lead. 

Triggering counters were inserted between 
adjacent chambers and at the end (see Fig. 3), 
These consist of pairs of counters, 48 in. xll in. 
x| in., separated by J in. of aluminum, and in 
fast coincidence. Four such pairs cover a cham- 
ber; 40 are employed in all. 

The AGS at 15 BeV operates with a repetition 
period of 1.2 sec. A rapid beam deflector drives 
the protons onto the 3 -in. thick Be target over 
a period of 20- 30 jisec. The radiation during 
this interval has rf structure, the individual 
bursts being 20 nsec wide, the separation 220 
nsec. This structure is employed to reduce 
the total "on" time and thus minimize cosmic - 
ray background. A Cerenkov counter exposed 



=4> 




FIG, a. Spark chamber and counter arrangement. 
A are the triggering slabs; B, C, and D are anticoinci- 
dence slabs. This is the front view seen by the four- 
camera stereo system. 
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to the pions in the neutrino "beam" provides a 
train of 30-nsec gates, which is placed in co- 
incidence with the triggering events. The cor- 
rect phasing is verified by raising the machine 
energy to 25 BeV and counting the high -energy 
muons which now penetrate the shield. The 
tight timing also serves the useful function of 
reducing sensitivity to low-energy neutrons which 
diffuse into the detector room. The trigger con- 
sists of a fast twofold coincidence in any of the 
40 coincidence pairs in anticoincidence with the 
anticoincidence shield. Typical operation yields 
about 10 triggers per hour. Half the photographs 
are blank, the remainder consist of AGS muons 
entering unprotected faces of the chamber, cosmic 
rays, and "events." In order to verify the oper- 
ation of circuits and the gap efficiency of the 
chamber, cosmic-ray test runs are conducted 
every four hours. These consist of triggering 
on almost horizontal cosmic -ray muons and re- 
cording the results both on film and on Land 
prints for rapid inspection (see Fig. 4). 

A convenient monitor for this experiment is the 
number of circulating protons in the AGS machine. 
Typically, the AGS operates at a level of 2-4x10" 
protons per pulse, and 3000 pulses per hour. In 
an exposure of 3.48x10" protons, we have counted 
113 events satisfying the following geometric 
criteria: The event originates within a fiducial 
volume whose boundaries lie 4 in. from the front 
and back walls of the chamber and 2 in. from the 
top and bottom walls. The first two gaps must 
not fire, in order to exclude events whose origins 
lie outside the chambers. In addition, in the case 
of events consisting of a single track, an extrapo- 
lation of the track backwards (towards the neu- 
trino source) for two gaps must also remain with- 
in the fiducial volume. The production angle of 
these single tracks relative to the neutrino line 
of flight must be less than 60°. 

These 113 events may be classified further 
as follows: 
(a) 49 short single tracks. These are single 




tracks whose visible momentum, if interpreted 
as muons, is less than 300 MeV/c. These pre- 
sumably include some energetic muons which 
leave the chamber. They also include low -ener- 
gy neutrino events and the bulk of the neutron 
produced background. Of these, 19 have 4 sparks 
or less. The second half of the run (1.7 xlO" 
protons) with improved shielding yielded only 
three tracks in this category. We will not con- 
sider these as acceptable "events." 

(b) 34 "single muons" of more than 300 MeV/c. 
These include tracks which, if interpreted as 
muons, have a visible range in the chambers 
such that their momentum is at least 300 MeV/c. 
The origin of these events must not be accom- 
panied by more than two extraneous sparks. The 
latter requirement means that we include among 
"single tracks" events showing a small recoil. 
The 34 events are tabulated as a function of 
momentum in Table I. Figure 5 illustrates 3 
"single muon" events. 

(c) 22 "vertex" events. A vertex event is one 
whose origin is characterized by more than one 
track. All of these events show a substantial 
energy release. Figure 6 illustrates some of 
these, 

(d) 8 "showers. " These are all the remaining 
events. They are in general single tracks, too 
irregular in structure to be typical of n mesons, 
and more typical of electron or photon showers. 
From these 8 "showers," for purposes of com- 
parison with (b), we may select a group of 6 
which are so located that their potential range 
within the chamber corresponds to ti mesons 

in excess of 300 MeV/c. 

In the following, only the 56 energetic events 
of type (b) (long n's) and type (c) (vertex events) 
will be referred to as "events." 

Arguments on the neutrino origin of the ob- 



Tahle 1. Classification of "events. 



Single tracks 

p^'300 MeV/c a 49 
p^>300 34 

^>40O 19 

Total "events" 34 



f„>600 3 



Vertex events 
Visible energy released < 1 BeV 15 
Visible energy released >1 BeV 7 



FIG, 4. Land print of Cosmic-ray muons integrated 
over many incoming tracks. 



These arc not included in the "event" count (see text), 
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FIG. 5. Single muon events. 
3 ray indicating direction of motion (neutrino beam in- 
cident from left); (B) p (1 >700 MeV/c; 
6 ray. 




FIG. 6. Vertex events. (A) Single muon of p >500 
MeV and electron-type track; (B) possible example of 
two muons, both leave chamber: (C) four prong star with 
one long track of p > 600 MeV/e. 



served "events." 

1 , The "events" are not produced by cosmic 
rays. Muons from cosmic rays which stop in 
the chamber can and do simulate neutrino events. 
This background is measured experimentally by 
running with the AGS machine off on the same 
triggering arrangement except for the derenkov 
gating requirement. The actual triggering rate 
then rises from 10 per hour to 80 per second 
(a dead -time circuit prevents jamming of the 
spark chamber). In 1800 cosmic -ray photographs 
thus obtained, 21 would be accepted as neutrino 
events. Thus 1 in 90 cosmic -ray events is neu- 
trino-like, derenkov gating and the short AGS 
pulse effect a reduction by a factor of -10" e 
since the circuits are "on" for only 3.5 usee 
per pulse. In fact, for the body of data repre- 
sented by Table I, a total of 1.6 xl0 B pulses 
were counted. The equipment was therefore 
sensitive lor a total time of 5.5 sec. This should 
lead to 5.5x80=440 cosmic -ray tracks which 
is consistent with observation. Among these, 
there should be 5± 1 cosmic -ray induced "events." 
These are almost evident in the small asym- 



metry seen in the angular distributions of Fig. 

1. The remaining 51 events cannot be the 
result of cosmic rays. 

2, The "events" are not neutron produced. 
Several observations contribute to this con- 
clusion. 

(a) The origins of all the observed events are 
uniformly distributed over the fiduciary volume, 
with the obvious bias against the last chamber 
induced by the p ^ > 300 MeV/c requirement. 
Thus there is no evidence for attenuation, al- 
though the mean free path for nuclear inter- 
action in aluminum is 40 cm and for electro- 
magnetic interaction 9 cm. 

(b) The front iron shield is so thick that we can 
expect less than 10" 4 neutron induced reactions 
in the entire run from neutrons which have pen- 
etrated this shield. This was checked by re- 
moving 4 ft of iron from the front of the thick 
shield. If our events were due to neutrons in 
line with the target, the event rate would have 
increased by a factor of one hundred. No such 
effect was observed (see Table fl). If neutrons 
penetrate the shield, it must be from other di- 
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FIG. 7. Projected angular distributions of single 
track events. Zero degree is defined as the neutrino 
direction. 



rections. The secondaries would reflect this 
directionality. The observed angular distribution 
of single track events is shown in Fig. 7. Except 
for the small cosmic-ray contribution to the ver- 
tical plane projection, both projections are 
peaked about the line of flight to the target, 
(c) If our 29 single track events (excluding cos- 
mic-ray background) were pions produced by 
neutrons, we would have expected, on the basis 
of known production cross sections, of the order 
of 15 single 7r°'s to have been produced. No cases 
of unaccompanied 7r°'s have been observed. 

Table II, Event rates for normal and background 
conditions . 

Circulating No. of Calculated Net rate 
protons x io 16 Events cosmic-ray c per 10 16 
contribution 



Normal run 


34.8 


56 


5 


1.46 


Background I a 
Background II 


3.0 


2 


0.5 


0.5 


8.6 


4 


1.5 


0.3 



,4 ft of Fe removed from main shielding wall. 

As above, but 4 ft of Pb placed within 6 ft of Be tar- 
get and subtending a horizontal angular interval from 
4° to 11° with respect to the internal proton beam. 

These should be subtracted from the "single muon" 
category. 



3. The single particles produced show little or 

no nuclear interaction and are therefore presumed 
to be muons. For the purpose of this argument, 
it is convenient to first discuss the second half 
of our data, obtained after some shielding im- 
provements were effected. A total traversal of 
820 cm of aluminum by single tracks was ob- 
served, but no "clear" case of nuclear inter- 
action such as large angle or charge exchange 
scattering was seen. In a spark chamber cali- 
bration experiment at the Cosmotron, it was 
found that for 400-MeV pions the mean free path 
for "clear" nuclear interactions in the chamber 
(as distinguished from stoppings) is no more 
than 100 cm of aluminum. We Should, therefore, 
have observed of the order of 8 "clear" inter- 
actions; Instead we observed none. The mean 
free path for the observed single tracks is then 
more than 8 times the nuclear mean free path. 

Included in the count are 5 tracks which stop 
in the chamber. Certainly a fraction of the 
neutrino secondaries must be expected to be 
produced with such small momentum that they 
would stop in the chamber. Thus, none of these 
stoppings may, in fact, be nuclear interactions. 
But even if all stopping tracks are considered 
to represent nuclear interactions, the mean 
free path of the observed single tracks must be 
4 nuclear mean free paths. 

The situation in the case of the earlier data is 
more complicated. We suspect that a fair fraction 
of the short single tracks then observed are, in 
fact, protons produced in neutron collisions. 
However, similar arguments can be made also 
for these data which convince us that the energetic 
single track events observed then are also non- 
interacting. 12 

It is concluded that the observed single track 
events are muons, as expected from neutrino 
interactions. 

4. The observed reactions are due to the decay 
products of pions and K mesons. In a second 
background run, 4 ft of iron were removed from 
the main shield and replaced by a similar quanti- 
ty of lead placed as close to the target as feasi- 
ble. Thus, the detector views the target through 
the same number of mean free paths of shielding 
material. However, the path available for pions 
to decay is reduced by a factor of 8. This is the 
closest we could come to "turning off" the neu- 
trinos. The results of this run are given in 
terms of the number of events per 10 16 circulat- 
ing protons in Table II. The rate of "events" is 
reduced from 1.46±0.2 to 0.3 ±0.2 per 10 16 in- 
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eident protons. This reduction is consistent with 
that which is expected for neutrinos which are 
the decay products of pions and K mesons. 

Are there two kinds of neutrinos? The earlier 
discussion leads us to ask if the reactions (2) 
and (3) occur with the same rate. This would 
be expected if v , the neutrino coupled to the 
muon and produced in pion decay, is the same 
as v e , the neutrino coupled to the electron and 
produced in nuclear beta decay. We discuss 
only the single track events where the distinction 
between single muon tracks ol p > 300 MeV/c 
and showers produced by high-energy single 
electrons is clear. See Figs. 8 and 4 which il- 
lustrate this difference. 

We have observed 34 single muon events of 
which 5 are considered to be cosmic-ray back- 
ground. U v a - t> e , there should be of the order 
of 29 electron showers with a mean energy 
greater than 400 MeV/c. Instead, the only 
candidates which we have for such events are 
Six "showers" of qualitatively different appear- 
ance from those of Fig, 8. To argue more pre- 
cisely, we have exposed two of our one-ton 
spark chamber modules to electron beams at the 
Cosmotron. Runs were taken at various electron 
energies. From these we establish that the trig- 
gering efficiency for 400 -MeV electrons is 67%, 
As a quantity characteristic of the calibration 
showers, we have taken the total number of ob- 
served sparks. The mean number is roughly 
linear with electron energy up to 400 MeV/c. 
Larger showers saturate the two chambers 




FIG. B. 4D0-MeV electrons from the Cosmotron. 
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which were available. The spark distribution 
for 400 MeV/c showers is plotted in Fig. 9, 
normalized to the |x29 expected showers. The 
six "shower" events are also plotted. It is evi- 
dent that these are not consistent with the pre- 
diction based on a universal theory with i/„ ■ v„. 
It can perhaps be argued that the absence of 
electron events could be understood in terms of 
the coupling of a single neutrino to the electron 
which is much weaker than that to the muon at 
higher momentum transfers, although at lower 
momentum transfers the results of (3 decay, (X 
capture, li decay, and the ratio of ir — li + v to 
it -e + v decay show that these couplings are 
equal. 13 However, the most plausible explana- 
tion for the absence of the electron showers, 
and the only one which preserves universality, 
is then that v,, 4 v', i.e., that there are at least 
two types of neutrinos. This also resolves the 
problem raised by the forbiddenness of the 
t± + + e + + y decay. 

It remains to understand the nature of the 6 
"shower" events. All of these events were ob- 
tained in the first part of the run during conditions 
in which there was certainly some neutron back- 
ground. It is not unlikely that some of the events 
are small neutron produced stars. One or two 
could, in fact, be p. mesons. It should also be 
remarked that of the order of one or two elec- 
tron events are expected from the neutrinos 
produced in the decays K *e + * i»„ + t° and 
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FIG + 9. Spark distribution for 400-MeV/r electrons 
normalized to expected number of showers. Also shown 
are the 'shower" events. 



Volume 9, Number 1 



G. Danby et al. 
PHYSICAL REVIEW LETTERS 



183 
Julv 1, 1962 



K 2 °^e ± + v e +Tt + . 

The intermediate boson. It has been pointed 
out 1 that high -energy neutrinos should serve as 
a reasonable method of investigating the exist- 
ence of an intermediate boson in the weak inter- 
actions. In recent years many of the objections 
to such a particle have been removed by the 
advent of V-A theory" and the remeasurement 
of the p value in ji decay. 15 The remaining dif- 
ficulty pointed out by Feinberg, 4 namely the ab- 
sence of the decay ji -*e +y, is removed by the 
results of this experiment. Consequently it is 
of interest to explore the extent to which our 
experiment has been sensitive to the production 
of these bosons. 

Our neutrino intensity, in particular that part 
contributed by the K -meson decays, is sufficient 
to have produced intermediate bosons if the boson 
had a mass m w less than that of the mass of the 
proton (mp). In particular, if the boson had a 
mass equal to 0.6 m,,, we should have produced 
-20 bosons by the process v+t> -h !+ + y-' + p. If 
m w~ m b' lnen we should have observed 2 such 
events. 

Indeed, of our vertex events, 5 are consistent 
with the production of a boson. Two events, with 
two outgoing prongs, one of which is shown in 
Fig. 6(B), are consistent with both prongs being 
muons. This could correspond to the decay mode 
w + -f ii + + v. One event shows four outgoing tracks, 
each of which leaves the chamber after traveling 
through 9 in. of aluminum. This might in prin- 
ciple be an example of w + ->■ 7i + + 77 " + 77 + . Another 
event, by far our most spectacular one, can be 
interpreted as having a muon, a charged pion, 
and two gamma rays presumably from a neutral 
pion. Over 2 BeV of energy release is seen in 
the chamber. This could in principle be an ex- 
ample of »' + ->• ir + + ir°. Finally, we have one event, 
Fig. 6(A), in which both a muon and an electron 
appear to leave the same vertex. If this were a 
boson production, it would correspond to the 
boson decay mode w -*e + + v. The alternative 
explanation for this event would require (i) that 
a neutral pion be produced with the muon; and 
(ii) that one of its gamma rays convert in the 
plate of the interaction while the other not con- 
vert visibly in the chamber. 

The difficulty of demonstrating the existence 
of a boson is inherent in the poor resolution of 
the chamber. Future experiments should shed 
more light on this interesting question. 

Neutrino cross sections. We have attempted 
to compare our observations with the predicted 



cross sections for reactions (2) using the theory. 1 " 3 
To include the fact that the nucleons in (2) are, 
in fact, part of an aluminum nucleus, a Monte 
Carlo calculation was performed using a simple 
Fermi model for the nucleus in order to evaluate 
the effect of the Pauli principle and nucleon mo- 
tion. This was then used to predict the number 
of "elastic" neutrino events to be expected under 
our conditions. The results agree with simpler 
calculations based on Fig. 2 to give, in terms 
of number of circulating protons, 



from 77 ■» fi + u, 
iromK -»ji + v, 

Total 



0.60 events/10 16 protons, 
0.15 events/1 0 le protons, 

0.75 events/1 0 16 ± -30%. 



The observed rates, assuming all single muons 
are "elastic" and all vertex events "inelastic" 
(i.e., produced with pions) are 

"Elastic": 0.84±0.16 events/10 16 (29 events), 

"Inelastic": 0.63±0.14 events/10 16 (22 events). 

The agreement of our elastic yield with theory 
indicates that no large modification to the Fermi 
interaction is required at our mean momentum 
transfer of 350 MeV/c. The inelastic cross 
section in this region is of the same order as the 
elastic cross section. 

Neutrino flip hypothesis. Feinberg, Gursey, 
and Pais 17 have pointed out that if there were two 
different types of neutrinos, their assignment to 
muon and electron, respectively, could in prin- 
ciple be interchanged for strangeness-violating 
weak interactions. Thus it might be possible that 



77 — fi + V x 



while 



+ + 
K -* e +v,. 



This hypothesis is subject to experimental check 
by observing whether neutrinos from K 2 decay 
produce muons or electrons in our chamber. Our 
calculation of the neutrino flux from K^l decay 
indicates that we should have observed 5 events 
from these neutrinos. They would have an av- 
erage energy of 1.5 BeV. An electron of this 
energy would have been clearly recognizable. 
None have been seen. It seems unlikely therefore 
that the neutrino flip hypothesis is correct. 

The authors are indebted to Professor G. Fein- 
berg, Professor T. D. Lee, and Professor C. N. 
Yang for many fruitful discussions. In particular, 
we note here that the emphasis by Lee and Yang 
on the importance of the high -energy behavior of 
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weak interactions and the likelihood of the ex- 
istence of two neutrinos played an important part 
in stimulating this research. 
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7 
The Neutral Kaon System 



From the discovery of the K® to CP violation, 1956-1964, and beyond 

The development of the concept of strangeness created something of a puzzle: What is the 
nature of the K° and K ? They differ only in their strangeness, a quantity not conserved 
by the weak interactions, through which they decay. Thus, for example, they both can 
decay into tz + ti~ and jt + jt~7I 0 . The explanation was given by Gell-Mann and Pais before 
parity violation was discovered. We present their proposal modified to incorporate parity 
violation, but assuming at first that the combination, CP, of charge conjugation and parity 
inversion is a good symmetry of both the weak and strong interactions. 

The K° is an eigenstate of the strong interactions, as is the K . They are antiparti- 
cles of each other so they can be transformed into each other by charge conjugation and 
thus have opposite strangeness. If there were no weak interactions, the K and K would 
be stable and equal in mass. The weak interactions break the degeneracy and make the 
neutral kaons unstable. The particles with well-defined masses and lifetimes are the phys- 
ical states. These states are linear combinations of K° and K , the strong interaction 
eigenstates. 

Since the action of CP on a K° produces a K we can establish a phase convention by 

CP\K°) = \K°). (7.1) 

If CP is conserved, the physical eigenstates are the eigenstates of CP. These are simply 

I*?) = -L [|*°) + |Z°>] , (7.2) 

|K 2 °) = -J=[|£ 0 )-|Z°)], (7.3) 



'0 U„„ r> D — 11 r,„A ifO 



r0 



where K\ has CP = +1 and K% has CP = -1. The decays K v ^ jt+jt- and K -*■ 
7t + 7t~ are both allowed by the weak-interaction selection rules. The 7t + 7T~ state with 
angular momentum zero necessarily has P — (— \) L — +1, C — (— \) L — +1 since both 
C and P interchange the two pions, which are in an s-wave, and thus CP — +1. It follows 
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that the K® cannot decay into it + jt~ if CP is conserved. On the other hand, a jr + 7T _ 7r° 
state that is entirely s-wave must have CP — — 1 because the tc + tt~ part has CP — +1 
by the above reasoning, while the remaining jt° has CP — — 1. Since the important decay 
channel mt is closed to it, the K® has a longer lifetime than the K®. 

Because K° and K have well-defined strangeness and strangeness is conserved in 
hadronic collisions it is these states that are directly produced. Gell-Mann and Pais noted 
that basic quantum mechanics tells us to regard a produced K° as a superposition of the 
CP-even K® and the CP-odd K® ■ The K® portion of the state dies much more rapidly than 
the K® portion, so that after a period of time only the latter is present if the particle has 
not yet decayed. While decays into jttt or tttvit are possible from either K° or K , by the 
AS — AQ rule, a decay to e + vit~ is possible only from K°, while a decay to e~vjr + 
must come from K . 

The K® was observed in 1956 by Lande et al. using a 3-GeV beam from the Brookhaven 
Cosmotron (Ref. 7.1). A cloud chamber filled 90% with helium and 10% with argon 
was placed six meters from the interaction point. All K®s, and As would have decayed 
by the time of their arrival at the cloud chamber. In the cloud chamber, forked tracks 
were observed that were kinematically unlike 6° ^7t + 7t~. It was concluded that they 
represented ir ± e^v, possibly tt^/j^v, and occasionally jt + 7T~7T°. The lifetime was 
judged to be in the range 10~ 9 s < x < 10~ 6 s, whereas the short-lived K° (0) had a 
lifetime around 10~ 10 s. Additional evidence for a long-lived neutral K was obtained 
by W. F. Fry and co-workers using a K~ beam from the Bevatron with an emulsion 
target (Ref. 7.2). 

These results were followed by a more complete report by Lande, Lederman, and 
Chinowsky showing clearly the pnv, env, and 3jt modes (Ref. 7.3). They obtained further 
confirmation of the Gell-Mann-Pais prediction by noting a neutral K that interacted with 
a helium nucleus to produce E~ ppmt + , a state with negative strangeness. The neutral 
K beam was overwhelmingly of positive strangeness initially since the threshold for 
pn — »■ pAK° is much lower than that for, say, pn — > pnK°K . Thus there was strong 
evidence for the transformation K°— > K . 

In vacuum, the time development of the K® and K® is 

|tf°(T)) = (5 -i'»i*-riT/2 * [|tf°(0)> + |Z°(0)>] , (7.4) 

\K°(r)) = e -»»2r-r 2 r/2 1 ^o (Q)) _ |Y°(0))] , (7.5) 

where m\ i and Y\2 are me masses and decay rates of the K® and K®. Here r is the proper 
time, r = t/y, t is the time measured in the laboratory, and y — (1 — /3 2 ) -1 / 2 , where 
p] — v/c. Because of virtual weak transitions between the K° and K , the masses mi and 
«2 differ slightly. If a state, \ty), that is purely K° is produced at r — 0, it will oscillate 
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Figure 7.1. The charge asymmetry observed for K 



0 



~e + v and A - 



n + e v as a function of 



the proper time, starting from a predominantly A" u beam. The number of observed positrons is N + 
and the number of observed electrons is N~ . The interference effect seen is sensitive to the Ki — K$ 
mass difference. For large values of the proper time, the non-zero asymmetry is a CP violating effect 
and determines Reg [S. Gjesdal et al, Phys. Lett. 52B, 113 (1974)]. This CP violating effect was 
first observed in Refs. 7.6 and 7.7. 



between K° and K with amplitudes 



1 



(r°i*(T)) = I( e -'>»ir- r ir/ 2 



-im2T— T2T 



/2 ), 



-im2T — T2T/2 



)■ 



(7.6) 
(7.7) 



These oscillations can be observed through semileptonic decays since the semileptonic 
decays are K° — > jt~e + v and K — > it + e~v. An example is shown in Fig. 7.1. There the 
charge asymmetry in the decay of K° is shown as a function of the proper time. The ratio 
of "wrong sign" leptons (e~) to "right sign" leptons (e + ) from a state that is initially a K°, 
integrated over all time, is 



(ri-r 2 ) 2 + 4(Amy 



wrong sign 
right sign ~ 2(Ti - ■ T 2 ) 2 - (Ti - T 2 ) 2 - ■ 4(Am) 



2 ' 



(7.8) 



where Am — mi — m 2 - Since the decay rate of the K®, Ti, is much greater than the K® 
decay rate, T 2 , this ratio is nearly unity. 

Even more dramatic predictions had been made for the neutral-A" system. Pais and 
Piccioni in 1955 predicted that K® s passing through matter would regenerate a coherent 
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K^ component. In matter, the time development is altered because the K and K interact 
differently with nucleons. For example, K p — >• 7r + A is allowed while K p — > jt + A is 
not. In fact, the elastic-scattering amplitudes, / and /, for K° p and K p differ, just as 
those for K + p — > K + p and K~ p — »■ K~ p do. Forward-moving neutral kaons accumu- 
late an extra phase from elastic scattering. As in ordinary electromagnetic interactions, this 
scattering can be translated into an index of refraction 



n = 1 



2-rtN 



k 2 



/(0), 



(7.9) 



where N is the number density of scatterers, k is the wave number of the incident particles, 
and /(0) is the (complex) elastic-scattering amplitude in the forward direction, which is 
related to the total cross section by the optical theorem 



4tt 

a tot = — Im/(0). 

k 



(7.10) 



Since K° and K have different total cross sections, they have different (complex) indices 
of refraction. In going a distance /, a particle picks up an extra phase k(n—\)l. The distance 
/ is related to the proper time interval by / = rfiy. 

To incorporate this effect, we write first the Schrodinger equation for propagation in free 
space. It is easy to guess what this is since we already have the solutions in the form of 
I-K'j(t)) and {K^ir)). If we let f bea column matrix whose upper entry gives the K° 
component and whose lower entry gives the K component, then in terms of the proper 
time 
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\j/ = Tiifr, 



(7.11) 



where M — (m \ 

(Fi - r 2 )/2 



m 2 )/2, r = (rj 



r 2 )/2, Mn = (mi 



w 2)/2 = Am/2, and Tn — 



AT/2. We indicate the elastic A" -nucleus forward scattering amplitude 
by /o and that for K by / 0 . The effective Hamiltonian H includes the effects of weak 
decays and the interactions that are second order in weak interactions responsible for Am 
and AT. With the inclusion of the effects of the medium we have 
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This is a slight modification of the Hamiltonian H, so the eigenstates - the states that 
propagate without turning into each other - are only slightly different from the eigenstates 
in vacuum, that is, K® and K®. A bit of algebra reveals that these states may be written 

\K?) = \K%)+r\K$), (7.13) 



\K$'} = \K°)-r\K° 1 }, (7.14) 

where the regeneration parameter is a small number, typically of order 10~ 3 , 

nNPy fo-Jo 



m\ —m%- |Ti 



(7.15) 



The expression has been simplified by noting that since the K® decays much faster than 
the K° , ri » r 2 . 

If a neutral kaon beam travels a long distance, only K% s are left. If the K® s traverse 
a medium, quantum mechanics tells us to analyze their propagation in terms of the 
eigenstates in that medium. The K9 is mostly K®' , but with a small component of K®'. 
These two pieces will acquire slightly different phases passing through the medium. When 
they exit, the states must be reanalyzed in terms of K® and K®. This will reintroduce a 
component of K® of order r. The result is that an amplitude for K® will be generated 
proportional to 

T [l - ^Am+AIV^LJ f (716) 

where L — l/f)y. We see then, that the amount of K® regenerated depends on the differ- 
ence of the masses. It is thus possible to measure this difference which is extremely small 
compared to mass splittings like those between isospin partners. 

An early measurement of the mass difference was made by F. Muller et al. at the Beva- 
tron using regeneration techniques (Ref. 7.4). In addition to K® s produced coherently in 
exactly the forward direction, K® s are produced through the ordinary scattering process 
KjP — ► K®p. This "diffractive" process produces particles mostly in the forward direction 
also, but not with such pronounced forward peaking as the coherent regeneration. Through 
the reaction n~ p — ► K°A, Muller et al. generated a 670-MeV/c neutral kaon beam. 
A 30-inch propane bubble chamber was placed downstream where the surviving beam 
was purely K®. The K®s produced by the K9 beam were detected by looking for charged 
pion pairs that reconstructed to the proper mass. By measuring the angular distribution of 
these K® s it was possible to demonstrate the existence of the coherently regenerated beam. 
A first measurement of the mass difference was obtained: 

|m 2 - mil/ n =0.85^°^. (7.17) 
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The current values are 1/Ti = 0.8953 ± 0.0005 x 10" 10 s and m 2 - m\ = 0.5292 ± 
0.0009 x 10 10 s _1 , giving (1712 — m\)/ T\ — 0.474. The determination that the mass of the 
K 2 is greater than the mass of the K® required measuring interference with an additional 
phase known a priori. In practice this meant observing the scattering of neutral kaons with 
nucleons and looking at the interference between the K° and K contributions. 

After the fall of parity invariance, it appeared that the combination of charge conjugation 
plus parity, CP, was still a good symmetry, as we assumed in the above analysis. There 
were (and are) solid theoretical reasons for believing that the combination of time reversal 
invariance, T, together with C and P gives a good symmetry, CPT . Thus if CP is a good 
symmetry, so is T . 

If CP is a good symmetry, the longer-lived neutral kaon is strictly forbidden to decay 
into two pions. Nonetheless, in 1964 Christenson, Cronin, Fitch, and Turlay observed its 
decay to 7r + 7r~(Ref. 7.5). Another supposed symmetry had fallen. The experiment, car- 
ried out at the Alternating Gradient Synchrotron (AGS) at Brookhaven found that the CP- 
violating decay had a branching ratio of about 2 x 10~ 3 . Since most of the prominent 
decays of the longer-lived neutral kaon (which we henceforth refer to as K®) have two 
charged particles in the final state, just as in the decay being sought, careful momentum 
measurements and particle identification were essential to separating Kl^-jt + 7t~ from 
the background. 

The apparatus was a two-armed spectrometer, each arm of which had a magnet for 
momentum determination, scintillator for triggering on charged particles, a Cherenkov 
counter for discriminating against e ± simulating n , and spark chambers for tracking the 
charged particles. A small but convincing signal was obtained for the CP- violating decay. 
The experiment was soon repeated and confirmed at several laboratories. 

If CP is conserved, with the convention CP\K°) — \K ) the off-diagonal matrix ele- 
ments of TC are {M\2 — iYyil^) — |(Am — ; AT/2). If we chose a new phase convention 
for the states, \K°) — »■ e' x \K°) and \K ) — »■ e~' x \K ), one off-diagonal matrix element 
would become M[ 2 - iT' n /2 = r 2 '^(Am - iAT/2) and the other M" 2 - iT'{ 2 /2 = 
e 2 ' x j(Am — i AT/2). The conservation of CP, which we have assumed to this point would 
be manifested by M' n and Y\ 2 being relatively real, and similarly for Mj' 2 and V" 2 - In 
addition, we would find M' u = m'[ 2 and T' n — t" X2 . 

When CP is violated, the equation for time development takes the more general form 



/ M - i— Mi 9 - ; \ 



'a7 



Ml? 

2 2 



r* r 

Ml, -i-^ M-i- 



[ 12 



\[r, (7.18) 



2 2 



where M and T are still real, but Mi 2 and T 12 are complex. If M12 and Ti2 are not relatively 
real, CP is violated in the mass matrix. The off-diagonal Myi corresponds to virtual A' 0 - 
K transitions while T^ is due to real transitions, which are dominated by the 1 = 0 jtit 
state, as explained below. 
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Because CP violation in the neutral K system is a small effect, Myil V\i is nearly real 
and we write 

Mi2= RT [2 (l + iK), (7.19) 

where R and k are independent of the phase convention for the states and \k\ <C 1. The 
small imaginary part has an insignificant effect on the masses and lifetimes and we can 
write 

r 12 = e" 2/0 (r s - r L )/2 = e - 2 '^Ar/2, (7.20) 

2/? I r"i2 1 = tns — mi — Am. (7.21) 

where the (convention-dependent) phase of Ti2 is displayed explicitly. In fact we already 
know that R = Am/Ar « -0.47. 
The physical states are 

\K° S ) = ±= [«-»>(l + e)|*°) + e +i *(l - e)|*°>] , 

\K° L ) = 1= [«-'*(! + e )l^°> - e +i *(l - e)|*°>] , (7.22) 



where 



This determines the phase of e to be 



IkR 

e = . (7.23) 

2R-i 



, 2(mr — ms) 

arge = tan -1 -— — = 43.5°, (7.24) 

Ts - Tl 

once we use k > 0, which follows from the determination that %e > 0, described below. 

Let us look at some of the details of the K®^- rnt decay. The 2n states can be decom- 
posed into 7 = 0 and 1 — 2 components, since an 7 = 1 tctc state cannot have J — 0. 
Each decay amplitude has a strong phase and a weak phase. The strong phase is due to 
the interaction of the pions in the final state and is thus the same for the decays of 7<"^ 
and K° L . Roughly speaking, since the interaction is only in the final state, its effect is to 
introduce a factor e lS , half that of the full scattering, e 2lS , where S is the irit phase shift at 
a center-of-mass energy equal to mx- 

The weak phase is intrinsic to the decay itself and arises from the weak interaction 
Hamiltonian. The Hamiltonian must be Hermitian so the weak amplitude for a K decay 
must be the complex conjugate of that for a K° decay. In terms of the real quantities Ai 
and the weak phases Xj we have 

((2jT) 1 \H wk \K°)=A I e ix <e iS < (7.25) 

((27r)/|77 wk |Z°) = A ie - ix 'e iSl . (7.26) 
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These results can be simplified by observing the following. First, the much faster decay 
of the K® compared to K + — >■ it + it° shows that \Aq\ ^> \-Al\. This is known as the 
A/ = 1/2 rule since the A/ = 3/2 interaction responsible for K + — »■ it + it° (which 
has / = 2 in the final state) is weaker than the A/ = 1/2 operator responsible for 
Kg — >■ 7t + jt~ . Now just as the hypothetical decay rate of a K° to a itit state with isospin 
/ would be proportional to (A[e' kl e' s ')*(A[e lXl e lS '), the transition matrix element Ti2 
is proportional to (Aie lXl e' s ')*(Aie~' x ' e' Sl ) and thus has the phase e~ 2,k < . Since the 
1 = 0 amplitude dominates, we have from Eq. (7.20), to a very good approximation, 

4> — ^o- 

Violation of CP in the neutral K system arises from the small numbers e and X 2 — ko. 
Keeping terms of first order in these parameters 

((27r) /= o|//wk|£s) = V2Aoe iSo , (7.27) 

((27T) /=2 |# wk |# s ) = V2A 2 e iS \ (7.28) 

<(27r) /=0 |//wkl^£> = V2 € Aoe iS °, (7.29) 

{(2it) I=2 \H wk \K° L ) = V2(e + ik 2 - ik 0 )A 2 e iS i. (7.30) 

Note that both e and A.2 — Ao are independent of the phase convention chosen for the 
neutral kaon states. The traditional CP-violation parameters for the neutral K system are 
defined by 

(7t+7t-\H wk \K 0 L ) , 

»7+- — TT — e + e 1 (7.31) 

(it+it-\H wk \K° s ) 



wo = : n n :„ :^ = * - 2*\ (7.32) 



(7r°7r°|// wk |^ 0 



Expanding in the small quantity A 2 /Ao , we find 

e' = -L e m-&o) (x _ Aq) ^ = -4= e ' (S2 - 5o) Im4^^- (7.33) 

V2 Ao V2 Aoe> x ° 

The mass-mixing matrix determines e while e' is due to CP violation in the decays. 
From its definition, the magnitude of r\± can be rewritten in terms of the branch- 
ing ratio for the CP-violating decay Ki — ► it + it~ and three other well measured 



(7.34) 



The analogous measurement for the decay into neutral pions is of course more difficult. 

To measure the phases of rj^ and r/oo requires observing the interference between 

K^-^- itit and K®^- it it. This can be accomplished using a K® L beam and regenerating a 
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Figure 7.2. Data for K^ $ 



0 2 4 6 8 10 12 14 
Proper time x 10" 10 seconds 

+ 7r - as a function of the proper time after a A"9 beam has passed 
through a carbon regenerator. Curve A shows the detection efficiency as indicated on the right-hand 
scale. Curve B shows data for all values of the K momentum. The solid curve shows the shape 
expected in the absence of Kj— Kg interference. The interference is apparent and can be used to 

determine <f>^ Curve C shows the data for a restricted interval of K momenta. The solid curve 

shows a fit including interference. [W. C. Carithers et ah, Phys. Rev. Lett. 34, 1244 (1975)] 



small amount of K®, or by using a K° beam. In the latter case, one first sees the quickly 
decaying K® component. At the end, one sees only the CP- violating K° L decay (if care is 
taken to observe only the it it final state!). In between, there is an interval when the contri- 
butions from K® and K® are comparable, and the interference can be measured. In Fig. 7.2 
data obtained using the regenerator method are shown. 

CP violation has been observed in K^—> [rnv and X^— »• en v. Aside from phase space 
considerations, these decays should be similar. From the AS — AQ rule, one anticipates 
that the allowed decays to nfMV should be K° — »■ 7t~ fi + v and K — > n + ji~v. It follows 
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directly that 



V(K° L -► n-fi+v) - r(K° L -► 7T+Ai~v) 
T(X° ->• nr+At-v) + r(#° -► tt~h+v) 



a l= -.JZ /-„ , F7P5 ^" =25Re - (735) 



Unlike the ^— ► jttt decay, the decay process here is allowed even without CP viola- 
tion. It is the small difference between two allowed rates that is due to CP violation. Thus 
very high statistics are required. The result can be compared to the measurement of the 
real part of e obtained in the if£ — >• tztz decays. An early measurement of K — >• jtev was 
obtained by a group headed by Steinberger (Ref. 7.6). The analogous process, K — > ytfiv 
was measured by a team led by M. Schwartz (Ref. 7.7). Data from a later experiment are 
shown in Fig. 7.1. 

In 1999, CP violation was observed in an additional decay, K 1 ^ — > 7T + 7t~e + e~ 
(Ref. 7.8). The relevant observable is the distribution of the angle <f> between the plane 
containing the e + and the e~ and the plane containing the it + and the jt~ in the rest 
frame of the decaying K^. The distribution contains pieces that vary as sin 2 (p, cos 2 0, and 
sin 0 cos 0, the last of which is CP violating. One mechanism that yields this final state 
is the CP-violating decay K^ — > it + it~ followed by emission of a virtual photon that 
materializes as an electron-positron pair. To see CP violation requires interference and the 
dominant interfering process is the CP-conserving direct decay K° L — »■ 7t + 7i~y, with Ml 
photon emission. The asymmetry 

. JVsin0cos<A>O ■' v sin0cos<4<O ,_ _, N 

= w Iv (7.36) 

is impressively large, 13.6%. 

Because CP violation seems such a fundamental aspect of particle interactions, enor- 
mous efforts have been expended to measure the parameters rj-\ and r/oo. The values for 

the CP-violation parameters cited in the 2008 Review of Particle Physics are 

|j?+_| = (2.233 ± 0.012) x 10 -3 , (7.37) 

</>+_ = arg rj + _ = 43.51° ± 0.05°, (7.38) 

Ijfool = (2.222 ± 0.012) x 10 -3 , (7.39) 

</>oo = arg Wo = 43.52° ± 0.05°, (7.40) 

A L = (3.32 ±0.06) x 10" 3 

The results indicate that r\^ and ;;oo are very nearly equal, or, equivalently, e' is nearly 

zero. This could be explained if all the CP violation were due entirely to an interaction 
that changed strangeness by two units. All the CP violation then is in the K mass matrix 
and e' = 0. This is called the superweak model. Violation of CP in the decay of a neutral 
K, a AS — 1 process, is called direct CP violation. The Standard Model of electroweak 
interactions, discussed in Chapter 12, predicts that e' /e is non-zero but small primarily 
because | A2/A0I ~ 1/20, a reflection of A/ = 1/2 rule. Any definitively non-zero result 
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for e'/e suffices to rule out the superweak model. This can be accomplished by measuring 
\rjoo\ 2 and |jj_| | 2 . Some uncertainties are reduced by taking the ratio 



'/oo 



1+- 



2 
«l-6Re-, (7.41) 

€ 



In fact, e'/e is known to be nearly real because the phases of e' and e are quite similar. 
Data from a 1988 experiment NA31 at CERN (Ref. 7.9) indicated a small, non-zero value, 
e'/e — 0.0033 ± 0.001 1, disfavoring the superweak model. Early results from experiment 
E73 1 at Fermilab did not confirm this non-zero value. Continued improvements in exper- 
iments at CERN (NA48, Ref. 7.10) and Fermilab (KTeV, Ref. 7.11) ultimately converged 
on small but distinctly non-zero values, with the average Re(e'/e) — (1.67±0.23)x 10~ 3 . 
The superweak model was more a straw man than a theory, but knocking it down took three 
decades. 



Exercises 

7.1 Derive the relation between the forward-scattering amplitude and the index of refrac- 
tion by considering a plane wave of matter or light incident on a thin slab of material. 
Determine the shift in the phase of the wave passing through the material. 

7.2 Show that the decay 0(1020) -> K° S K° L is allowed but 0(1020) -> K° S K° S and 
0(1020) -► K° L Kl are forbidden. 

7.3 Verify the expression for the eigenstates of the neutral K system in matter. Estimate 
the size of the regeneration parameter in beryllium for a momentum of 1100 MeV, 
the conditions of the original CP-violation experiment. Estimate fo and / 0 using the 
optical theorem and data for the K + p and K~ p total cross sections. 

7.4 A beam of K° is created at t = 0. Assuming CP conservation, what is the intensity 
of K in the beam as a function of the proper time? Plot the results for |Am|Ti = 



7.5 Consider a neutral kaon beam that is purely K at t — 0. Show that the rate of decay 



0, 1, 2, oo. See Camerini etal., Phys. Rev. 128, 362 (1962). 
Consider a neutral kaon beam that is purely K at t — 0. S 
into n + TC~ as a function of the proper time, r, is proportional to 

" ri ' T +2|?7 + _|e- (rx+rL)/r/2 cos|> + _ - (m L - m s )r] + e~ rLT \r 1+ . 






Further Reading 

The standard reference for the formalism is T D. Lee and C. S. Wu Ann. Rev. Nucl. ScL, 
16,511(1966). 

A nice treatment of this material is given in Weak Interactions ofLeptons and Quarks, by 
E. D. Commins and P. H. Bucksbaum, Cambridge University Press, Cambridge, 1983. 

A comprehensive review is given in B. Winstein and L. Wolfenstein, Rev. Mod. Phys. 65, 
1113(1993). 
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Observation of Long-Lived Neutral V 
Particles* 

K. Lande, E. T. Booth, J. Impeduglia, and L. M. Lederman, 

Columbia University, New York, New York 

and 

W. Ciiinowsky, Brookhaven National Laboratory, 

Upton, New York 

(Received July 30, 1956) 

THE application of rigorous charge conjugation in- 
variance to strange particle interactions has led 
to the prediction of rather startling properties for the 
0°-meson state. 1 Some of these are: (I) the existence of 
a second neutral particle, 0 2 0 , for which two-pion decay- 
is prohibited ; (II) the consequent existence of a second 
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Ref. 7.1: Observation of the ATV 
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Table I. Data on F° events. 



Event 


P + 




J>_ 






QV- 




number 


Mev/c 


It' 


Mev/c 


r_» 


8" 


Mev 


Comment 


1 


360±10 


<2 


206±37 


<2 


52° 


96±17 


NotT* d 


2 






117±S0 


<2 


151° 




(— ) track short 


3 


>100 


<2 


>100 


<2 


140° 




Both tracks short 


4 


224±5 


<2 


58.5±4 


<2 


91.5° 


66±2 


Not t°; probable e~ 


5 


147±23 


<2 


197±6 


<2 


113.6° 


121±12 


Notr 0 


6 


83±5 


<2 


137±3 


<2 


81.0° 


40±2 


/_>/+, probable ir~> + i 
ir~~e + , or /u _ e + 


7 


142±13 


<2 


255±5 


<2 


124° 


163±10 


Not r° 


8 


197±25 


<2 


234±9 


<2 


97° 


147=bl4 


Notr 0 


9 


241±33 


<2 


67±20 


<2 


142° 


109±18 


Not t*, probable e~ 


10 


194±8 


<2 


223±4 


<2 


140° 


140±5 


Notr 0 


11 


111*4 


<2 


114±5 


<2 


77.5° 


34±1.4 


/_>/+, like No. 6 


12 


249±5 


<2 


89±1 


2-3 


42.0° 


38±1.2 


Probable ir~ 


13 


290±25 


<2 


86±25 


<2 


92° 


103±12 


f£~ or e~, .' . not t° 


14 


183±5 


<2 


44±5 


3-4 


102.7 


52±2 


t~* or pr 


15 


>150 


<2 


62±7 


<2 


99° 




3° deflection in +■ Psec = 287 
±30. Possible ic—y. decay. 
Probable e~~ 


16 


508±18 


<2 


150±2 


<2 


65.9° 


160±7 


Not 7*, /_>/+ 


17 


136±8 


1.5-2 


164d=5 


<2 


118.6° 


101±5 


/+>/- Probable tt + , not t° 

Not t° 


18 


251±1S 


<2 


201±50 


<2 


65.9° 


93=1=15 


19 


327±15 


<2 


112±10 


<2 


38.3° 


51±4 


tt+^m" 1 ", P/ = 20±10 Mev 


20 


167±3 


<2 


114±3 


<2 


65.5° 


40±2 




21 


152±5 


<2 


120±24 


<2 


112.5° 


79=h8 




22 


283 ±10 


<2 


222±10 


<2 


50.1° 


72±6 


Coplanar, i\ = 59±30 Mev/c 


23 


89±1 


<2 


272±9 


<3 


128.5° 


134±10 


Not t u 



» This is a visual estimate of the ionization, in units of minimum ionization as determined from nearby light tracks of P <50 Mev/c. 

b Angle errors have not been computed. An average error of 3° has been used. 

" Q*ttt for a normal 0° is 214 Mev. 

<1 1° is defined as —*r + +*'+■*» and is excluded by Q value or transverse momentum. 



lifetime, considerably longer than that for two-pion 
decay of the 0i o (~lXH)- Io sec); (III) a complicated 
time dependence for the nuclear interaction properties. 2 
The only additional assumption in this "particle 
mixture" theory is the nonidentity of 0° and its anti- 
particle. 

These theoretical considerations have stimulated us 
to undertake a search for long-lived neutral particles. 
To this end, the Columbia 36-in. magnet cloud chamber 
was exposed to the neutral radiation emitted from a 
copper target at an angle of 68° to the 3-Bev external 
proton beam of the Brookhaven Cosmotron. 3 Charged 
particles are eliminated by the combination of a 4-ft 
long Pb collimator and a 4X10 5 gauss-inch sweeping 
magnet. The 6-meter flight path from target to chamber 
represents ~100 mean lives for the well-known A 0 
and 0° particles which are produced at this energy.* To 
date twenty-six V events have been observed. All of 
these events have anomalous Q values for two-pion 
decay, all but one are noncoplanar with the line of 
flight, and all but one demand at least one neutral 
secondary to balance transverse momentum. 

The cloud chamber operates at a pressure of 0.91 
atmos of He and 0.10 atmos of argon. The only addi- 
tional matter in the direct path of the neutral radiation 
is the 1-cm thick Lucite chamber wall. A 1.5-in. thick 
lead filter was placed at the entrance to the collimator 
to reduce the 7-ray flux reaching the chamber. The 
aperture (5 in. X 1.5 in.) defined a solid angle of 0.002 
steradian at 68° to the incident protons. The arrange- 



ment yielded readable photographs at a beam intensity 
of ~10 8 protons per pulse, although the flux through 
the chamber was estimated to be ~10 4 neutrons. The 
latter fact points up the virtue of the technique 
employed. 

The relevant primary data on 23 measured V events, 
found in a run of 1200 pictures, are listed in Table I. 
We have considered various background effects which 
could possibly simulate V events : 

(1) Production of meson pairs in the gas by neutrons 
or photons, the nuclear recoil track being too short to 
observe. However, the number of neutrons above 
meson production threshold energy at 68° was expected 
to be quite small. This was verified experimentally 
by the fact that no negative prongs (i.e., ar~ mesons) 
were observed to emerge from 1218 neutron-induced 
stars in the gas. 

(2) Decay of it" mesons, produced in the gas without 
recoil, into the alternate mode e^ery. This is ruled out 
kinematically for 16 of the events. The argument in 
(1) also applies. 

(3) Production of large-angle electron pairs in the 
gas by photons. 

(4) Bremsstrahlungor scattering of backward-moving 
particles with consequent large-angle deflections. 

These possibilities lead to the prediction of thousands 
of smaller angle events and to the necessity for large 
fluxes of backward-moving particles. Neither of these 
is observed. These arguments will be detailed , in a 
more complete report. They lead to the conclusion that 



K. Lande et al. 



199 



LETTERS TO THE EDITOR 



1903 




J I I I 



Fig. 1, Average calculated primary mass us velocity of primary 
particle for assumed decay schemes ir + e~ifl and r + ti~v 9 . The arrow 
indicates the peak of the phase space spectra (reference 5). The 
vertical bars are average deviations of the mean. 

the events listed in Table I are indeed examples of the 
disintegration of a long-lived neutral particle. 

A preliminary analysis of the data yields some in- 
formation on the properties of the new particle. 

(1) All but three of the forty-six secondaries are 
determined to be lighter in mass than the K meson. 
None can be protons. We have assumed that all are 
pions, muons, or electrons. The identification of several 
of the decay products as pions or electrons is indicated 
in the table. 

(2) We have considered various three-body decay 
schemes, motivated by the observed charged iT-meson 
modes. In Fig. 1, we plot for assumed decay products 
ir^e^ifi and for t^^v", the variation of the average 
computed mass (15 events were available) of the in- 
coming primary as a function of its assumed velocity. 
Permutations of the relevant combinations of it's, /j's, 
«'s, and c's yield similar results. For example ir+prv", 
li+if-ifi t n + e~Tr", and irW are almost coincident. These 
graphs emphasize .the conclusion that the resultant 
incoming velocity distribution is kinematically sensible 
only for primary masses near the K mass of 500 Mev. 5 
One may also infer that, for a K mass primary, vev 
secondaries are more frequent than ttiiv or, say, peir. 

(3) All but two of the events are kinematically in- 
consistent with a A°-mass particle decaying into ii^e^N 
or eVAr. 6 

(4) Figure 2 illustrates the detection sensitivity as a 
function of lifetime for a iC-mass particle. Although 
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Fig. 2. Detection sensitivity for K mesons as function of life- 
time. The composite curve is obtained with the spectra of reference 
5. The point indicates the observed yield with a production cross 
section of ~20 jiib/sterad. 

the production cross section for K" mesons 7 has a large 
uncertainty, comparison with the observed yield serves 
to limit the lifetime to the range 10~ 6 sec>T>3X10~ 9 
sec. The observed uniform distribution of events in the 
chamber, together with Fig. 1 also sets a lower limit: 
t> IX 10 -9 sec. If the lifetime is on the short side of the 
above interval, then it is likely that many of the 
anomalous V's observed in cosmic rays are examples 
of this particle, and not alternate decay modes of the f?i°. 8 

At the present stage of the investigation one may 
only conclude that Table I, Fig. 2, and Q* plots are 
consistent with a K"-type particle undergoing three- 
body decay. In this case the mode irev is probably 
prominent, 9 the mode iry.v and perhaps other combina- 
tions may exist but are more difficult to establish, 
and 3r + T - 7r° is relatively rare. Although the Gell-Mann- 
Pais predictions (I) and (II) have been confirmed, long 
lifetime and "anomalous" decay mode are not sufficient 
to identify the observed particle with cV. In particular, 
a neutral t meson, if three-pion decay has a small 
branching ratio, may have these properties. A much 
stronger test of particle mixtures must await the ob- 
servation of nuclear interactions or of the striking inter- 
ference effects which are also predicted by Pais and 
Piccioni, 2 Treiman and Sachs, 2 and Serber. 10 

The authors are indebted to Professor A. Pais whose 
elucidation of the theory directly stimulated this re- 
search. The effectiveness of Cosmotron staff collabo- 
ration is evidenced by the successful coincident opera- 
tion of six magnets and the Cosmotron with the cloud 
chamber. 

* Supported by the U. S. Atomic Energy Commission and the 
Q. S. Atomic Energy Commission-Office of Naval Research 
Joint Program. 

> M. Gell-Mann and A. Pais, Phys. Rev. 97, 1387 (1955). 

2 Further discussion of particle mixtures have been given by 
A. Pais and O. Piccioni, Phys. Rev. 100, 932 (1955); G. Snow, 
Phys. Rev. 103, 1111 (1956); S. Treiman and R. G. Sachs, Phys. 
Rev. 103, 1545 (1956); K. Case, Phys. Rev. 103, 1449 (1956). 

3 See Piccioni, Clark, Cool, Friedlander, and Kassner, Rev. Sci. 
Instr. 26, 232 (1955). The ejected beam is focused by a quadrupole 
magnet pair to a 3-in. diameter circle. Two bending magnets 
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were used to steer the beam onto the 1.5 in.X4 in.X5 in. long 
target. 

4 Blumenfeld, Booth, Lederman, and Chinowsky, Phys. Rev. 
102, 1184 (1956). 

6 We are grateful to R. Sternheimer for computing the energy 
spectrum of K mesons emitted at 68° under various assumptions 
as to the collision mechanism. These calculations yield similar 
spectra, all of which peak near 100 Mev. See Block, Harth, and 
Sternheimer, Phys. Rev. 100, 324 (1956). 

6 For example, one member of a A 0 parity doublet may have a 
long lifetime. See T. D. Lee and C. N. Yang, Phys. Rev. 102, 290 
(1956). 

7 Collins, Fitch, and Sternheimer (private communication). 

8 Kadyk, Trilling, Leighton, and Anderson, Bull. Am. Phys. 
Soc. Ser. II, 1, 251 (1956). For a recent summary see Ballam, 
Grisaru, and Treiman, Phys. Rev. 101, 1438 (1956). 

9 Examples of this decay mode have been reported by Slaughter, 
Block, and Harth, Bull. Am. Phys. Soc. Ser. II, 1, 186 (1956). 
A particularly clear event has been observed by the Ecole Poly- 
technique group. We are indebted to J. Tinlot and B. Gregory for 
this data and for helpful discussions on anomalous V°'s. 

10 R. Serber (private communication). 



Evidence for a Long-Lived Neutral 
Unstable Particle* 

W. F. Fey, J. Schneps, and M. S. Swami 

Department of Physics, University of Wisconsin, 

Madison, Wisconsin 

(Received July 19, 1956) 

DURING a systematic search for K~ mesons in a 
pellicle stack exposed to a channel of negative 
particles from the Berkeley Bevatron, four unusual 
events of the following nature were found : an unstable 
particle originated in the emulsion from a small star 
which was produced by a neutral particle. The channel 
was at 90° to a target bombarded by 6-Bev protons and 
denned a momentum of 280 Mev/e. 

Since the events were of an unusual nature, each 
one will be described separately. 

Event 1. — A AHe 4 hyperfragment originated from a 
star which also consisted of a ?r meson of 42±12 Mev, 
two short recoil tracks, and a proton of 16.6 Mev. The 
star was produced by a neutral particle. The hyper- 
fragment decayed from rest into a w~ meson, a proton, 
and a He 3 recoil. The binding of the A 0 particle was 
found to be 1.8±0.6 Mev. 1 A drawing is shown in 
A of Fig. 1. 

Event Z. — A negative K meson of 14 Mev was pro- 
duced in a star which in addition had a low-energy 
electron and a nucleonic particle of 115 Mev. The K~ 
meson produced a star from rest consisting of a 7r meson, 
a hyperfragment which decayed nonmesonically, and 
nucleons. The nucleonic particle from the primary star 
left the stack and therefore the direction of its motion 
could not be established. However, the kinetic energy 
of this particle was not sufficient to produce a K~ meson 
if it were an incident 2~ or S~ hyperon ; therefore we 
assume that it was an outgoing particle. This event is 
shown in B of Fig. 1. 




\ / 





Fig. 1. Drawings of four events which were found in a pellicle 
stack as shown. A AHe hyperfragment was produced in A, 
a Kr~ meson in B, probably a 2~ hyperon in C, and a hyper- 
fragment or a S~ hyperon in D. 

Event 3. — A track, 730 microns long, from a seven- 
pronged star, has a two-pronged star associated with its 
ending. The primary star was produced by a neutral 
particle and has a visible kinetic energy of 160 Mev. 
The connecting particle had a charge of one and 
appeared to have stopped. The two nuclear particles 
from the secondary star had a total charge of two or 
three. In addition there are two tracks of low-energy 
electrons indicating that the connecting particle was 
captured. A mass measurement along the connecting 
track gave (2200±750)m«. These facts indicate that 
the secondary star was produced by a S~ hyperon or 
possibly a S~~ hyperon or a K~ meson. A drawing of 
this event is shown in C of Fig. 1. 

Event 4. — One particle from a small five-pronged 
star, which had no incoming particle, appears to have 
stopped and produced a one-prong star. The prong was 
most likely due to a proton of 9 Mev. The range of the 
connecting track is 230 microns. Gap counting showed 
that the secondary star was not the result of a scatter- 
ing. Also it is possible to exclude the absorption of a slow 
tt meson as its cause. The event is interpreted as a 
nonmesonic hydrogen hyperfragment decay or the 
capture of a negative hyperon or K meson. The event 
is shown in D of Fig. 1. 

It is very improbable that these four events were 
produced by fast neutrons since the ratio of these 
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events to energetic neutron stars in the stack is large 
(~1/10). Also the flux of energetic neutrons at 90° to 
the target is expected to be small. They cannot be 
cosmic-ray events because their tracks can be followed 
through the stack, which was in a disassembled state 
both shortly before and after the machine exposure. 
These events can be interpreted as the nuclear inter- 
action of a neutral unstable particle of the same 
"strangeness" as that of the K~ meson and the A and 
2 hyperons. 

The total energy in event 2 is too high to have been 
due to a neutral K from the charge exchange of a 
K~ meson in the beam. Furthermore, the expected 
number of such events, if due to charge exchange, is less 
than one per 20 cc of emulsion, whereas the density of 
these unusual events is probably greater than one 
per cc of emulsion. 

Also it seems unlikely that the events could have 
been due to neutral B's which were produced in the 
deflecting magnet because they would have had to 
have lived about 20 mean lifetimes. 

These events can be explained by assuming that long- 
lived neutral K mesons were produced at the target 
with about the same frequency as the K + mesons. A 
small fraction of these neutral K mesons could have 
penetrated the shielding (about two feet of brass) 
between the plates and the target and then interacted 
in the pellicle stack. The lifetime of these particles 
must have been at least 10~ 8 sec. The existence of a 
long-lived neutral K meson was predicted by Gell- 
Mann and Pais. 2 

The authors are indebted to Dr. E. J. Lofgren for 
making possible the exposures to the Bevatron. Dis- 
cussions with Dr. George Snow were stimulating and 
helpful. 

* Supported in part by the U. S. Atomic Energy Commission 
and by the Graduate School from funds supplied by the Wisconsin 
Alumni Research Foundation. 

1 This hyperfragment has been described in detail (event 90) 
by Fry, Schneps, and Swami, Phys. Rev. 101, 1526 (1956). 

! M. Gell-Mann and A. Pais, Phys. Rev. 97, 1387 (1955). Dr. 
G. A. Snow has pointed out the possibility of a long-lived t° 
meson [Phys. Rev. 103, 1111 (1956)]. 
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REGENERATION AND MASS DIFFERENCE OF NEUTRAL K MESONS 

Francis Muller, * Robert W. Birge, William B. Fowler,! Robert H. Good, Warner Hirsch, 
Robert P. Matsen, Larry Oswald, Wilson M. Powell, and Howard S. White 
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A very significant feature of the Gell-Mann- 
Pais particle mixture theory 1 ' 2 is the regenera- 
tion of the ifl from the K2 neutral meson. We 
examine the three possible types of regeneration 
and give the results of an experiment that exhibits 
the expected transformations as demanded by the 
theory. The experiment also allows an estimate 
of the difference between the masses of if 1 and 
K2. 

One of the three types of regeneration has been 
described previously 3 : A plate inserted into a 
parallel beam of if2 particles produces a parallel 
beam of ifl particles. This phenomenon, which 
we will henceforth call transmission-regenera- 
tion, is in striking contrast with other known 
processes whereby a particle transforms into 
another one: a parallel beam of charged pions 
obviously cannot produce a parallel beam of 
neutral pions by interacting with a plate. 

Here we point out another process that typically 
follows from the theory, namely the regeneration 
by diffraction. Because the K° and the K° waves 
are diffracted by a nucleus with different ampli- 
tudes, the diffracted wave contains K\ as well as 
if2 particles. Thus ifl mesons are regenerated 
by a nucleus with a typical diffraction angular 
distribution. 

Regeneration of if 1 can also occur by inter - 
action of if2 with single nucleons. The angular 
distribution of this nucleon-regeneration is 
broad, not essentially different from that ob - 
tained in if-nucleon scattering, and therefore 
it is not a crucial consequence of the particle 
mixture theory. 



All three of these components will emerge from 
a plate traversed by a parallel beam of if2's. 
The angular distribution should permit one to 
recognize each component separately. 

Case 4 and Good 5 have shown that the intensity 
of the transmitted component is a very sensitive 
function of the mean life i x of the if 1 and of the 
difference dm between the masses of ifl and if2. 
The mass difference appears in the final expres- 
sion because of the phase difference it introduces 
between the ifl and the if 2 waves, an effect which 
was first noted by Serber" in connection with if 0 
production. Moreover, Good pointed out that the 
intensities of both the transmitted and "scattered" 
component (in the forward direction) are pro- 
portional to l/ 21 °l 2 , / 21 ° being the amplitude of 
the regenerated ifl, at zero angle, in a if2- 
nucleus collision. Good's "scattered" component 
must be identified with the diffracted component 
described above. Thus the intensity ratio of the 
transmitted wave to diffracted wave is a function 
only of fim and t l . We derive here in a more 
concise way the expression for this ratio. 

The computation of the expected transmitted 
and diffracted intensities can tae greatly simpli- 
fied by neglecting, from the start, the regenera- 
tion of if 2 from ifl. As the number of ifl's is 
always less than one thousandth of the number of 
if2's, this approximation is very good. We con- 
sider then a plane wave of if2 particles, of wave- 
length X, crossing our plate, which contains N 
nuclei per cubic centimeter. If each nucleus 
produces ifl's with a forward amplitude / 21 °, an 
infinitesimal thickness dx of the plate at depth x 
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(x in the direction of the incoming K2 beam; 
x = 0 and x =L denote the limits of the plate) pro- 
duces a Kl wave amplitude iNxf 21 °dx which ar - 
rives at the end of the plate with the amplitude 

da x = iNxf 2 °dx expl-j'*^ -ik^L -x) 

Notice that the K2 wave has traveled to depth 
x before producing the Kl wave, which then 
travels from jttoL; u is the collision mean free 
path, which is the same for Kl and K2, because 
both particles are a half-and-half mixture of K° 
and K°; v is the velocity of the particles; y is 
the Lorentz factor; hk^ and %k 2 are the momenta. 
Let us call A = vyr 1 the decay mean free path of 
the Kl's and introduce the dimensionless quanti- 
ties I = L/A and 6 = (m 2 - m 1 )c 2 /(ti/c 1 ). By inte- 
gration with respect to x we obtain, for the trans - 
mitted intensity, 

^ f i™l? X *\e- m -e- m \\- Ll \ (1) 



\a\ 



On the other hand, the nuclei, incoherently from 
each other, regenerate Kl's by diffraction with 
a differential cross section do 21 /d<x> = l/ 21 1 2 . The 
number of diffraction-regenerated Kl's in the 
infinitesimal thickness dx at x, in the forward 
direction, surviving through the thickness L - x is 






l/ 21 °| 2 Nexp 



^ vyr l uj 



which is integrated to give 



Un\ 



-I. -L/u 



(2) 



, fe . -I/ 21 °I 2 NA(1-<T> 
The ratio between (1) and (2) is 

R=4NAX 2 \e' m -e' l/2 \ 2 /[(l-e' l )(l + i& 2 )]. (3) 

To observe these regeneration processes, we 
have inserted a plate in the Berkeley 30-inch 
propane chamber. The chamber was placed in 
a beam of K3 particles which traversed the in- 
strument lengthwise and perpendicular to the 
plate. The experimental setup will be described 
in more detail in a later article. Here we give 
only a brief description. 

A beam of 1.1-Bev/c negative pions impinged 
on a five -foot hydrogen target. The 670-Mev/c 
K° produced in the target travelled a distance 
of 22.5 feet before arriving at the 30-inch pro- 
pane chamber, so that approximately one K2 
crossed the chamber per 10 11 protons in the 



Bevatron beam. About 200 000 pictures were 
taken, half of them with a 1.5 -inch iron plate 
to enhance the diffracted wave relative to the 
transmitted wave, and the other half with a 6- 
inch iron plate which yields an intense trans- 
mitted wave. 

We limited the analysis to those two -prong 
events in which the positive prong could be recog- 
nized to be a meson on the basis of ionization 
and momentum. We also required that the decay 
occur within two mean lives from the plate and 
that the primary momentum be equal, within the 
errors, to the beam momentum. TheQ(;r,7r) 
distribution of these selected events shows a 
marked peak around the expected value of 220 
Mev, which fact proves the regeneration of Kl. 
As a further selection, we keep only those events 
for which Q differs by no more than 1.4 standard 
deviations from the peak value. 

By measuring the vector momenta of the two 
prongs, we determine the angle 6 between the Kl 
and the incident K2 beams, within an error of 
about 2 degrees. 

The angular distributions are shown in Fig. 1. 
The diffraction curve has been computed with an 
optical model method 7 using the known cross 
sections for K + and K" with protons and nuclei. 8 
The curve is quite close to the black-sphere dis- 
tribution. Figure 1 clearly shows a diffraction 
component and a superimposed transmission 
peak. Most of the transmission peak is confined 
to angles smaller than 2.5 degrees (cos0> 0.999), 
which is just what we expect from an infinitely 
narrow peak measured with our errors. The 
mere presence of such a large transmission peak 
is a proof that the mass difference is smaller 
than, say, 572/tj. 

Referring to the data for the 6-inch plate, 29 
events occur in the interval for cosfl between 
0.998 (3.5°) and 1, which should contain the total 
number T of the transmitted Kl 's and a part D 
of the diffracted ones. Knowing the diffraction 
angular distribution we can compute D from the 
31 particles in the 0.980 to 0.998 interval, as- 
suming that that region contains only diffracted 
Kl's. A nucleonic background will actually be 
present in this interval, which we ignore for the 
moment. We thus obtain D = 12, which gives 
T = 17. For comparison with formula (3), we note 
that (dn 1 /do>) = l.l8(D/b>), where the factor 1.18 
is equal to the ratio of the intensity at zero de- 
grees to the average intensity within «, u> being 
the solid angle in the peak interval, that is, 
2ir xO.002. It is convenient to compare T/1.18D 
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f Tf^ TTrp- f t ^ ri-i I ,. n .[ ^l iiir T f i -firlfHTI"Ti" Tn I I 0 
95 .955 .96 .965 .97 .975 .98 .985 .99 .995 100 
COS 8 



FIG. 1, Histograms of number of Kl decay events 
per 0. 001 interval of cos0 (0 is the angle between the 
direction of the primary K2 beam and the regenerated 
Kl). (a) Data for the 1.5-inch plate; (b) data for the 
6-inch plate; (c) combined data for the two plates. 
The curves are diffraction angular distributions nor- 
malized in the 0.980 to 0.998 interval for cos 8. 



with R/w, which is plotted in Fig. 2 versus the 
mass difference, in units of K/t 1 . We obtain 
T/1.18£> = 1.2±0.53, which gives e m = 0.85^ 5 . 
With a probability of 95%, 6m < 1.4. 

In the same way, we find from the thin plate 
alone 6m = 0 (6m < 4.5 with 95% probability) and 
from the combination of thin and thick plate 
6m = 0.85*!;L (6m< 1.5 with 95% probability). 

If we correct for nucleonic or any other back- 
ground, we would obtain a larger value for R, 
hence a smaller value for 6m. For instance, 
assuming a uniform background from cosS = 0.96 
to cosfl = 1, the compounded data for both plates 
yield 6m = 0 (6m < 1.1 with 95% probability). In 
view of a remark by Okun' and Pontecorvo, 9 this 
result indicates that decay rates for AS = 2 are 
10 5 times slower than for AS = 1. 
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FIG. 2. Calculated intensity of the forward regen- 
erated Kl's versus the Kl -K2 mass difference. The 
ordinate J?/u is the ratio of the transmission-regen- 
erated Kl's to the diffraction-regenerated Kl's in the 
interval cos 0> 0.998. 
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This Letter reports the results of experimental 
studies designed to search for the 2t? decay of the 
K 2 ° meson. Several previous experiments have 
served 1 ' 2 to set an upper limit of 1/300 for the 
fraction of K 2 "'s which decay into two charged pi- 
ons. The present experiment, using spark cham- 
ber techniques, proposed to extend this limit. 

In this measurement, K 2 mesons were pro- 
duced at the Brookhaven AGS in an internal Be 
target bombarded by 30-BeV protons. A neutral 
beam was defined at 30 degrees relative to the 
circulating protons by a li-in. x if -in. x 48-in. 
collimator at an average distance of 14.5 ft. from 
the internal target. This collimator was followed 
by a sweeping magnet of 512 kG-in. at -20 ft. 
and a 6-in.x6~in.x 48-in. collimator at 55 ft. A 
lj-in. thickness of Pb was placed in front of the 
first collimator to attenuate the gamma rays in 
the beam. 

The experimental layout is shown in relation to 
the beam in Fig. 1. The detector for the decay 
products consisted of two spectrometers each 
composed of two spark chambers for track delin- 
eation separated by a magnetic field of 178 kG-in. 
The axis of each spectrometer was in the hori- 
zontal plane and each subtended an average solid 
angle of 0.7x 10" 2 steradians. The spark cham- 
bers were triggered on a coincidence between 
water Cherenkov and scintillation counters posi- 
tioned immediately behind the spectrometers. 
When coherent K° regeneration in solid materials 
was being studied, an anticoincidence counter was 
placed immediately behind the regenerator. To 
minimize interactions K 2 decays were observed 
from a volume of He gas at nearly STP. 




FIG. 1. Plan view of the detector arrangement. 



The analysis program computed the vector mo- 
mentum of each charged particle observed in the 
decay and the invariant mass, m*, assuming 
each charged particle had the mass of the 
charged pion. In this detector the K e s decay 
leads to a distribution in m* ranging from 280 
MeV to -536 MeV; the K^ 3 , from 280 to -516; and 
the K„3, from 280 to 363 MeV. We emphasize 
that m * equal to the K° mass is not a preferred 
result when the three-body decays are analyzed 
in this way. In addition, the vector sum of the 
two momenta and the angle, 8, between it and the 
direction of the K 2 ° beam were determined. This 
angle should be zero for two-body decay and is, 
in general, different from zero for three-body 
decays. 

An important calibration of the apparatus and 
data reduction system was afforded by observing 
the decays of K° mesons produced by coherent 
regeneration in 43 gm/cm 2 of tungsten. Since the 
K° mesons produced by coherent regeneration 
have the same momentum and direction as the 
K 2 beam, the K± decay simulates the direct de- 
cay of the K 2 into two pions. The regenerator 
was successively placed at intervals of 11 in. 
along the region of the beam sensed by the detec- 
tor to approximate the spatial distribution of the 
K 2 °'s. The K° vector momenta peaked about the 
forward direction with a standard deviation of 
3.4 ±0.3 milliradians. The mass distribution of 
these events was fitted to a Gaussian with an av- 
erage mass 498.1 ±0.4 MeV and standard devia- 
tion of 3.6± 0.2 MeV. The mean momentum of 
the K° decays was found to be 1100 MeV/c. At 
this momentum the beam region sensed by the 
detector was 300 Kf decay lengths from the tar- 
get. 

For the K 2 decays in He gas, the experimental 
distribution in m* is shown in Fig. 2(a). It is 
compared in the figure with the results of a 
Monte Carlo calculation which takes into account 
the nature of the interaction and the form factors 
involved in the decay, coupled with the detection 
efficiency of the apparatus. The computed curve 
shown in Fig. 2(a) is for a vector interaction, 
form-factor ratio/"// + = 0.5, and relative abun- 
dance 0.47, 0.37, and 0.16 for the K g3 , K^, and 
K-nZ, respectively. 3 The scalar interaction has 
been computed as well as the vector interaction 
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FIG. 2. (a) Experimental distribution in m* com- 
pared with Monte Carlo calculation. The calculated 
distribution is normalized to the total number of ob- 
served events, (b) Angular distribution of those events 
in the range 490 <m*<510 MeV. The calculated curve 
is normalized to the number of events in the complete 
sample. 

with a form-factor ratio f~/f + =-6.6. The data 
are not sensitive to the choice of form factors 
but do discriminate against the scalar interac- 
tion. 

Figure 2(b) shows the distribution in cosfi for 
those events which fall in the mass range from 
490 to 510 MeV together with the corresponding 
result from the Monte Carlo calculation. Those 
events within a restricted angular range (cos9 
> 0.9995) were remeasured on a somewhat more 
precise measuring machine and recomputed using 
an independent computer program. The results of 
these two analyses are the same within the re- 
spective resolutions. Figure 3 shows the re- 
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FIG. 3. Angular distribution in three mass ranges 
for events with cos0 > 0.9995. 



suits from the more accurate measuring machine. 
The angular distribution from three mass ranges 
are shown; one above, one below, and one encom- 
passing the mass of the neutral K meson. 

The average of the distribution of masses of 
those events in Fig. 3 with cos0> 0.999 99 is 
found to be 499.1 ±0.8 MeV. A corresponding 
calculation has been made for the tungsten data 
resulting in a mean mass of 498.1 ±0.4. The dif- 
ference is 1.0±0.9 MeV. Alternately we may 
take the mass of the K° to be known and compute 
the mass of the secondaries for two-body decay. 
Again restricting our attention to those events 
with cos0> 0.999 99 and assuming one of the sec- 
ondaries to be a pion, the mass of the other par- 
ticle is determined to be 137.4 ± 1.8. Fitted to a 
Gaussian shape the forward peak in Fig. 3 has a 
standard deviation of 4.0 ±0.7 milliradians to be 
compared with 3. 4 ±0.3 milliradians for the tung- 
sten. The events from the He gas appea r identi- 
cal with those from the coherent regeneration in 
tungsten in both mass and angular spread. 

The relative efficiency for detection of the 
three-body K 2 ° decays compared to that for decay 
to two pions is 0.23. We obtain 45 ±9 events in 
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the forward peak after subtraction of background 
out of a total corrected sample of 22 700 K z ° de- 
cays. 

Data taken with a hydrogen target in the beam 
also show evidence of a forward peak in the cos9 
distribution. After subtraction of background, 
45 ± 10 events are observed in the forward peak 
at the K° mass. We estimate that -10 events can 
be expected from coherent regeneration. The 
number of events remaining (35) is entirely con- 
sistent with the decay data when the relative tar- 
get volumes and integrated beam intensities are 
taken into account. This number is substantially 
smaller (by more than a factor of 15) than one 
would expect on the basis of the data of Adair 
et al. 4 

We have examined many possibilities which 
might lead to a pronounced forward peak in the 
angular distribution at the K° mass. These in- 
clude, the following: 

(i) K t 0 coherent regeneration. In the He gas it 
is computed to be too small by a factor of ~10 6 to 
account for the effect observed, assuming reason- 
able scattering amplitudes. Anomalously large 
scattering amplitudes would presumably lead to 
exaggerated effects in liquid H 2 which are not 
observed. The walls of the He bag are outside 
the sensitive volume of the detector. The spatial 
distribution of the forward events is the same as 
that for the regular K 2 ° decays which eliminates 
the possibility of regeneration having occurred 
in the collimator. 

(ii) if^3 or K e $ decay. A spectrum can be 
constructed to reproduce the observed data. It 
requires the preferential emission of the neutrino 
within a narrow band of energy, ±4 MeV, cen- 
tered at 17±2 MeV (K^) or 39±2 MeV (K e -j). 
This must be coupled with an appropriate angular 
correlation to produce the forward peak. There 
appears to be no reasonable mechanism which 
can produce such a spectrum. 

(iii) Decay into n + Ti~y. To produce the highly 



singular behavior shown in Fig. 3 it would be 
necessary for the y ray to have an average ener- 
gy of less than 1 MeV with the available energy 
extending to 209 MeV. We know of no physical 
process which would accomplish this. 

We would conclude therefore that K 2 ° decays to 
two pions with a branching ratio R = (K 2 — ir + + n')/ 
(K°~ all charged modes) = (2.0 ± 0.4) x 10" s where 
the error is the standard deviation. As empha- 
sized above, any alternate explanation of the ef- 
fect requires highly nonphysical behavior of the 
three-body decays of the K 2 °. The presence of a 
two-pion decay mode implies that the K t ° meson 
is not a pure eigenstate of CP. Expressed as 
K' 2 0 = 2- 1/2 [(K' 0 -S 0 )+e(K' 0 +K 0 )] then kl^Rj,^ 
where t 1 and t 2 are the K^ and K 2 ° mean lives 
and R T is the branching ratio including decay to 
two ir°. Using Rj = \R and the branching ratio 
quoted above, kls 2.3X 10" 3 . 
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The Structure of the Nucleon 



Elastic and deep inelastic scattering from nucleons, 1956-1973. 

Hadronic scattering experiments produced extensive and rich data revealing resonances 
and regularities of cross sections. While the quark model provided a firm basis for clas- 
sifying the particles and resonances, the scattering cross sections were less easily inter- 
preted. The early studies of strong interactions indicated that the couplings of the particles 
were large. This precluded the straightforward use of perturbation theory. While alternative 
approaches have yielded some important results, it is still true that even processes as basic 
as elastic proton-proton scattering are beyond our ability to explain in detail. In contradis- 
tinction, scattering of electrons by protons and neutrons is open to direct interpretation. 

For the scattering of an electron by a proton it is a good approximation to assume that the 
interaction is due to the exchange of a single virtual photon. The small corrections to this 
approximation may be calculated if necessary. Each coupling of the photon gives a factor 
of e in the scattering amplitude, so a virtual photon's two couplings typically provides a 
factor a — e 2 /An « 1/137. It is this small number that makes the approximation a good 
one. 

The scattering of relativistic electrons (E >> m e ) by a known charge distribution can be 
calculated using the standard methods of quantum mechanics. If the electron were spinless 
and scattered from a static point charge, the cross section would be given by the Rutherford 
formula: 

da a 

— = rr-, (8-1) 

dQ. 4£ 2 sin 4 i0 

where E is the energy of the incident relativistic electron and 9 is its scattering angle in the 
laboratory. Taking into account the electron's spin gives the Mott cross section: 

da a 2 cos 2 19 

— = tt-- ( 8 - 2 ) 

dQ 4£ 2 sin 4 ^ 

209 
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If the electron is scattered by a static source, its final energy, E', is the same as the 
incident energy E, and the four-momentum transfer squared is q 2 — —AE 2 sin 2 2#. If the 
target has finite mass, M, and thus recoils, then for elastic scattering 

E 

E' = = ^-, (8.3) 

l + ^fsin 2 ^ 

q 2 = -4EE' sin 2 16. (8.4) 

The elastic scattering of an electron by a pointlike Dirac particle of mass M has a cross 
section 



da a 2 cos 2 jO E' 



d£2 AE 2 sin 4 16 E 



1 - -^ tan 2 1<9 

2M 2 



(8.5) 



which reduces to the Mott cross section as the target mass increases. 

These simple results do not apply if the charge distribution of the target has some spatial 
extent. In the case of elastic scattering from a fixed charge distribution, p(r), the scattering 
amplitude is modified by a form factor 

F(q 2 )= J d 3 re iqr p(r), (8.6) 

so the Rutherford or Mott cross section would be multiplied by the factor \F{q 2 )\ 2 . Since 
J d 3 rp(r) — 1, the form factor reduces to unity for zero momentum transfer. 

A relativistic treatment of the scattering of electrons by protons is obtained by writing 
the scattering amplitude as a product of three factors: 

M = A ^-J e ,! ectron {q)J IJ - P ro,on (q), (8.7) 

q l * 



where q is the four- momentum exchanged between the electron and the proton. The factor 
l/q 2 arises fn 
the electron is 



l/q 2 arises from the exchange of the virtual photon between the two. The current due to 



J e J ectron = u{kf)Y„u{kO (8.8) 

where k[ and k{ are the initial and final electron momenta and u and u are Dirac spinors 
as described in Chapter 6. The electromagnetic current for the proton involves two form 
factors, 



JP roton = u(pi) 



Fy(q 2 )Y» + i <L ^fF 2 (q 2 ) 



u( P i). (8.9) 



Here p\ and pf are the initial and final proton momenta and q = ki — kf = pf — pi is the 
four-momentum transfer. The second term, proportional to the form factor F2(q 2 ), is the 
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anomalous magnetic moment coupling and k — 1 .79 is the anomalous magnetic moment 
of the proton in units of the nuclear magneton, eh/(2Mc). The form factors, F\ (q 2 ) and 
F2(q 2 ), are the analogs of F(q 2 ) in the discussion above, and F[(Q) — F2(0) — 1. If the 
proton were a pointlike Dirac particle like the electron, we would have instead Fy{q 2 ) — 1 
and KF^{q ) — 0. For a neutron, since the total charge is zero, F\ (0) = 0. The value of k 
for the neutron is —1.91. 

From these currents the differential cross section for elastic electron-proton scattering 
can be calculated in terms of the form factors. The result is known as the Rosenbluth 
formula: 



da a 2 cos 2 i( 



dSl 4£ 2 sin 4 1<9 




kF 2 ) 2 tan 2 k 



(8.10) 



where 6 is the scattering angle of the electron in the laboratory and E is its initial energy. 
We have written Q 2 for — q 2 , so Q 2 is positive. 

The Rosenbluth formula follows from the assumption that a single photon is exchanged 
between the electron and the proton. All of our ignorance is subsumed in the two form fac- 
tors, F\ (Q 2 ) and F2(Q 2 ). The formula can be tested by multiplying the observed cross sec- 
tion by (£ / E ) sin 50 tan 16 and plotting the result at fixed Q as a function of tan 16. 
The result should be a straight line. 

Elastic electron-proton scattering was measured by McAllister and Hofstadter using 
188-MeV electrons (Ref. 8.1) produced by a linear accelerator at Stanford. The electrons 
scattered from a hydrogen target into a spectrometer that could be rotated around the inter- 
action region. 

The experiment was able to determine the root-mean-square charge radius of the proton 
by measuring the form factors at low momentum transfer. In this region, we can expand 

F(q 2 ) — / d 3 rp(r) exp(/q ■ r) 

= J d\p{r)[\ + iq r - (1/2) (q ■ r) 2 ■ ■ ■ ] 

a 2 

= 1-— <r 2 >-- (8.11) 

6 

Assuming the same < r 2 > applied to both form factors, McAllister and Hofstadter found 
<r 2 >i/2 = o.74 ± 0.24 fm. 

Form factors exist as well for excitation processes like ep — >■ eA(1232). The number 
of form factors depends on the initial and final spins. The form factors are expected gen- 
erally to decrease with momentum transfer, reflecting the spread in the charge and current 
distributions of the initial and final particles. 

In the late 1960s, under the leadership of "Pief" Panofsky, the Stanford Linear Acceler- 
ator Center, SLAC, opened a vast new energy domain for exploration. The two-mile long 
accelerator produced electrons with energies up to about 18 GeV. The scattered electrons 
were detected and measured by very large magnetic spectrometers. At these high energies, 
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Figure 8.1. The kinematics of deep inelastic lepton-nucleon scattering. The incident lepton and pro- 
ton have four- momenta k and P, respectively. The scattered lepton has four-momentum k' — k — q. 
The mass squared of the produced hadronic system is W — (P + q) ■ The fundamental variables 
are Q — —q — 4EE' sin i9 and v — E — E', where E and E' are the initial and final lepton 
energies in the lab, and 6 is the lab scattering angle of the lepton. The mass of the nucleon is M so 
q ■ P = (k - k') ■ P = Mv, and W 2 = M 2 + 2Mv - Q 2 . 



much of the scattering was inelastic, typically ep — > epmt... or ep — »■ enrnt.... When the 
scattering is not elastic, the energy and direction of the scattered electron are independent 
variables, unlike the elastic scattering situation. From careful measurements of the direc- 
tion, specified by a solid angle element d£l, and the energy E' of the scattered electron, 
the four-momentum transfer can be calculated. In this way, the differential cross section, 
do/d£ldE' is determined as a function of E' and Q 2 . The outgoing hadrons were generally 
not detected. The kinematics are shown in Figure 8.1. 

A SLAC-MIT group (Ref. 8.2) scattered electrons from a hydrogen target and detected 
the outgoing electrons in a large magnetic spectrometer set at angles 9 — 6° and 10°. The 
scattered electrons' momenta were measured to 0.1%, and the spectrometer accepted a 
momentum interval Ap/p — 3.5%. The potential background produced by charged pions 
entering the spectrometers was suppressed by observing the electron showers. 

As expected, the data showed peaks when the mass W of the produced hadronic system 
corresponded to the mass of one of the resonances in the sequence Af* (1 — 1/2 nonstrange 
baryons) or A (/ = 3/2 nonstrange baryons). Each resonance showed the expected behav- 
ior as a function of Q 2 . The production fell with increasing momentum transfer. What was 
surprising was that for W values beyond the resonances, the cross section did not fall with 
increasing Q 2 . 

Just as it is possible to write down a most general expression for the electromagnetic 
current of a proton for elastic scattering, it is possible to write down a general expression 
for the differential cross section measured in inelastic electron scattering when only the 
electron is measured in the final state. This expression depends on two functions, W\ and 
W2- These structure functions depend on two variables, v, the energy lost by the electron 
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in the laboratory, and Q 2 . The full expression for the differential cross section is 
da a 2 cos 2 it 



\- r\¥ 2 + 2Witan 2 i6>l. (8.12) 



dQ.dE' AE 2 sin 4 

This expression contains the Mott cross section as a factor and is analogous to the 
Rosenbluth formula. It follows from the assumption of single photon exchange and isolates 
the unknown physics in two functions, W\ and W%. Here, however, these are functions of 
two variables, v and Q 2 , not just one. In contrast, for elastic scattering, (P + q) 2 — M 2 so 
the two variables are not independent but rather are related by Q 2 — 2Mv. 

To determine W\ and W2 separately it is necessary to measure the differential cross 
section at two values of E' and 0 that correspond to the same values of v and Q 2 . This is 
possible by varying the incident energy, E. At small values of 6, W2 dominates, so it is 
most convenient to focus on this quantity. 

The most important result of the experiment at SLAC was the discovery that VW2 did 
not fall with increasing Q 2 , but instead tended to a value that depended on the single 
variable a> — 2Mv/Q 2 (Ref. 8.3). This behavior, termed "scaling," had been anticipated 
first by Bjorken on the basis of a very complex study. By 1967, Bjorken was examining 
deep inelastic scattering by imagining the nucleon to be composed of pointlike quarks. 

In an independent effort, Feynman had concluded from his analysis of hadronic colli- 
sions, that the proton ought to be composed of pointlike constituents, "partons" he called 
them. They shared the total momentum of the proton by taking up variable fractions, x, 
of that momentum. The probability of a parton carrying a fraction between x and x + dx 
was written f(x)dx. The essential feature was that the function f(x) was not to depend 
on the process at hand nor the energy of the proton, but was intrinsic to the proton so long 
as the proton had a large momentum. It was natural to assume that the partons were, in 
fact, quarks. There would not be just three quarks in a proton because in addition there 
could be many quark-antiquark pairs. The distribution functions for the various quarks 
were indicated by u(x), d(x), u(x), etc. Since the momenta had to add up to the proton's 
momentum, there was a constraint 

dx x[u(x) + u(x) + d(x) + d(x) + ...] = 1. (8.13) 

As we shall see later, there is also a contribution from the uncharged constituents in the 
nucleon. In order for the quantum numbers of the proton to come out correctly, other con- 
ditions had to be satisfied: 



/ 
/ 



dx[u(x) — u(x)] = 2, 
dx[d(x) — d(x)] — 1, 
dx[s(x)-s(x)] = 0. (8.14) 



214 



8. The Structure of the Nucleon 



These replaced the statement that the proton was composed of two u quarks and a d quark. 
Thus in Feynman's model these "valence" quarks were supplemented by a "sea" of quark- 
antiquark pairs. 

The combination of Bjorken's and Feynman's studies was a perfect explanation of "scal- 
ing," i.e. the dependence of vW 2 on the quantity <w alone. If the quark-partons were treated 
as real particles that had to be on-shell (that is, satisfied the relation p 2 — E 2 — p 2 — 
m 2 ) both before and after being scattered by the virtual photon, then p\ — (/?, + q) 2 — 
(xP + q) 2 «s 0 if the masses of the quarks and the proton could be ignored, as seemed 
reasonable for very high energy collisions. From this followed 



Q 1 = 2xP ■ q = 2xMv. 



(8.15) 



This meant that the fraction x of the proton's momentum carried by the struck quark was 
simply the reciprocal of a>, the variable singled out in the experiment at SLAC. If the prob- 
ability of there being a quark with momentum fraction x did not depend on the details of 
the event, scaling would follow, provided the scattering could be viewed as the incoherent 
sum of the scattering by the individual partons. 

The precise connection between the parton distributions and the structure functions can 
be obtained by expressing the cross sections in terms of the Lorentz invariant variables s — 
2ME, x — Q 2 /2Mv and y — v/E. It is traditional to write MW\ — F\ and vW 2 — F 2 . 
The dimensionless function F\ and F 2 , which must not be confused with the form factors 
of elastic scattering, are thus nominally functions of both x and Q 2 . Substitution into the 
formula defining W\ and W 2 gives 



da 
dxdy 



Ana s 



1 



[1 + (l _ y) i] 2xFi + (1 - y)(F 2 - 2xFi) 



M 
2E 



xyF 2 



(8.16) 



This can be compared with the cross section for the scattering of an electron by a point- 
like Dirac particle of unit charge carrying a fraction x of the proton's momentum. The 
cross section, which can be derived from the cross section given above for an electron on 
a pointlike Dirac particle, is 



da 

dy~ 



Ana xs 



1 



-n + (i- y y 



M 
2E 



xv 



(8.17) 



By comparing the results, we deduce the values of F\ and F 2 : 



Fi = MWi 



F 2 = v W 2 — x 



4 1 4_ 1- 

-u(x) + -d(x) + -u(x) + -d(x) + 

4 1 4_ 1_ 

-u(x) + -d(x) + -u(x) + -d(x) + ■ 



(8.18) 
(8.19) 



where the factors 4/9 and 1/9 arise as the squares of the quark charges. The connection 
F 2 — 2xF\, known as the Callan-Gross relation, is a consequence of taking the partons 
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to be pointlike Dirac particles. The absence of Q 2 dependence in F\ and Fi is the mani- 
festation of scaling. With this stunningly simple formula, deep inelastic electron scattering 
becomes a powerful probe of the interior of the proton. 

The simple parton picture was expected by Feynman to apply to very high energies. 
He reasoned that at high energies time dilation would cause the interactions between the 
partons to appear less frequent so that it would be a good approximation to ignore these 
interactions. Thus deep inelastic scattering could be regarded as the incoherent sum of the 
interactions with the individual partons. 

A few years after these developments, important advances were made in understanding 
the theory of quantum chromodynamics (QCD). In this theory the interactions between 
quarks are the result of the exchange of vector particles called gluons. In many ways the 
theory is analogous to ordinary electrodynamics. 

QCD finds very different behavior for quarks and gluons at short and long distances. 
Unlike the behavior of electric forces, the force between a quark and an antiquark does not 
decrease as their separation increases, but approaches a constant. Thus it takes an infinite 
amount of energy to separate them completely. Conversely, at short distances, the forces 
become weaker. It is the short-distance behavior that is probed in deep inelastic scattering, 
and thus QCD confirms Feynman's picture of non-interacting partons as the constituents 
of the proton. 

Of course, the interactions between the quarks only decrease and do not disappear 
at short distances. As a result, the "kindergarten" parton model described above is only 
approximate. The quark and gluon distributions are weakly functions of Q 2 as well as x 
and scaling is only approximately satisfied. 

This phenomenon can be understood by analogy with bremsstrahlung as described in 
Chapter 2. When an electron scatters from an electromagnetic field, it emits photons and 
the greater the scattering, the more bremsstrahlung there is. When a quark scatters, it emits 
gluons and some of its momentum is given to the gluons. As the momentum transfer is 
increased, the fraction of its momentum lost to gluons increases. Thus a quark with momen- 
tum fraction x at some low value of Q 2 becomes a quark with momentum fraction x — x' 
and a gluon with momentum fraction x' at some higher value of Q 2 . Thus for large val- 
ues of x, u(x, Q 2 ) falls with increasing Q 2 . For low values of x, u(x, Q 2 ) may increase 
because quarks with higher x may feed down quarks to it. 

The parton model makes analogous predictions for deep inelastic neutrino scattering. 
Since the source of neutrino beams are the decays n — ► [iv and K — ► fiv, v^ greatly 
dominate over v e (see Chapter 6). Thus in deep inelastic neutrino scattering by nucleons, 
one observes 



nucleon — ► /a + hadrons 



and 



nucleon — ► fi + + hadrons 



Because parity is not conserved in weak interactions, there are more structure functions 
for neutrino scattering than for electron scattering. Three structure functions contribute in 
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the limit in which the lepton masses are ignored. If we use as variables x — Q 2 /2Mv and 
y = v/E, the general forms are, in the context of the V-A theory, 

do v _ G 2 F ME 



dx dy 



da v GpME 



dx dy 



AVLtL r ^ n 1 

— [d - y)F 2 + y 2 xFl + (y - y 2 /2)xF»\ , (8.20) 

-ME r o t -i 

— [(1 - y)F 2 w + y 2 iF," - (y - y 2 /2)x^J . (8.21) 



These forms are general (except that we have ignored the Cabibbo angle and corrections 
of order M/E) and F" , F~, and F^ are functions of Q 2 and v. In the Bjorken limit (v — >■ 
co, <2 2 — ► oo, 2Mv/Q 2 — x finite), the F v 's are nearly functions of x only. 

The scattering of a neutrino by a pointlike fermion is much like the electromagnetic scat- 
tering of an electron by a pointlike fermion. In Chapter 6 we saw that the weak interaction 
current of the leptons has the V-A form, jY^ii — ys)- For massless fermions, the quantity 
f (1 — Ys) projects out the left-handed piece of the fermion, while ^(1 + ys) projects out 
the right-handed piece. Now the coupling of the electromagnetic field to the fermion is 
governed by the current 

u{p')Y„u{ P ). (8.22) 

If we consider an incident left-handed fermion we can write 

1 _ . 1 

"(P ly/ijO - Y5)u(p) = u(p )-(! + Y5)Yfiu(p) (8.23) 



l -(\-Y5)u{p') 



-it 

YOY/Mp) (8.24) 



where, as usual the dagger indicates Hermitian conjugation. We see that the final fermion 
is also left-handed. Indeed, both vector and axial vector couplings have this property: the 
helicity (i.e. the projection of the spin along the direction of motion) of a massless fermion 
is unchanged by the interaction with an electromagnetic or weak current. It follows that 
we can consider the scattering as the incoherent sum of processes with specified helicities. 
We take as an example the electromagnetic process e~/x~ — > e~ /x~, ignoring the particle 
masses and using center-of-mass variables: 

do _ _ _ _ do _ _ _ _ as 

— {e Ll i L -► e L ii L ) = ^(crPr -+ e R P- R ) = gj , (8-25) 



do _ _ do _ _ a 2 s (I + cos6) 2 

— (e L ii R -► e L fi R ) = ^(e R P L -+ e R p. L ) = -^ . (8.26) 

The presence of the factor (1 + cos6>) 2 makes the last two cross sections vanish in the 
backward direction where cos $ = — 1. This follows from the conservation of angular 
momentum. If the electron direction defines the z axis, the initial state e^yi~ R has J, — —I 
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because the spins are antiparallel to the z axis and there is no orbital angular momentum 
along the direction of motion. For the final state e^p2 the same argument yields J z — +1 
if the scattering is at 180°. Thus the scattering must vanish in this configuration. 

The connection between the center-of-mass scattering angle and the invariant variables 
used above is 1 + cos 6* = 2(1 — y). The addition of the four separate electromagnetic 
processes produces the characteristic 1 + (1 — y) 2 behavior found in the deep inelastic 
electron scattering formulas. 

The analogous weak cross sections follow the same pattern, except that only the left- 
handed parts of the fermions and the right-handed parts of the antifermions participate in 
charged-current processes, thus 

da Gls 

— {v „e- L ^»- L v e ) = ^, (8.27) 

da , G 2 s (1 + cosd) 2 

Using these simple formulas, we can determine the parton model values of the structure 
functions. Considering the scattering of a neutrino from a proton, we note that since the 
lepton loses charge (v — ► fi~), the struck quark must gain charge. Thus it is only scattering 
from d quarks or u quarks that contributes. In this way we find for v {1 p — y fi~X and 

da v 2MEG 2 F r , -i 

-j—T = -x d(x) + (1 - y) 2 u{x) , (8.29) 

ax ay it V J 

do* 2MEG 2 F r_ , -| 

— r = ^x\d{x) + {\-y) 2 u{x)\. (8.30) 

ax ay it L J 

If the antiquarks, which are important only for rather small values of x, are ignored, the 
cross section for neutrino scattering is expected to be independent of y, while antineutrino 
scattering should vanish as y — ► 1. To the extent to which the quark distributions are 
functions of x alone, the total cross section, a, and the mean value of the momentum 
transfer squared, Q 2 , are both proportional to E. 

Comparing with the general formula for neutrino scattering, we deduce the structure 
functions for neutrino scattering in the parton model: 

Fj v = d{x) + u(x), (8.31) 

F 2 y =2x[d(x) + u(x)l (8.32) 

F% =2[d(x)-u(x)l (8.33) 

F? = u(x) +d(x), (8.34) 

Fi;=2x[u(x)+d(x)l (8.35) 

F^ = 2[u(x)-d(x)]. (8.36) 
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If the target is an equal mixture of u and d quarks, as is nearly the case for neutrino exper- 
iments, except with a hydrogen bubble chamber, each occurrence of u or d gets replaced 
by the average of u and d. Writing q(x) = u(x) + d(x), q(x) — u(x) + d(x) we have 



da v MEG 2 



dx dy 

do* 

dx dy 



Tt 

MEG 2 , 



\q(x) + (1 - y) 2 q(x)] 
[q(x) + (1 - y) 2 q(x)] 



(8.37) 
(8.38) 



Actually, we should include strange quarks as well. For energetic neutrino beams we have 
the processes v^s —> yT c and v^s — ► /z + c. Here c is the charmed quark, to be discussed 
at length in Chapter 9. Our treatment has also been simplified by ignoring the Cabibbo 
angle. 

The integrated cross sections are expressed in terms of Q = J xdxq(x) and Q = 
J x dx q(x), the momentum fractions carried by the quarks and the antiquarks. 



da v MEG 2 r 

\Q 

ji L 



dy 
do* 

~dy~ 



d-y) 2 e]; 

MtLWp r— 9 1 



MEGi 



MEG\ r 



MEGi 



Q + 


l 
3 


Q + 


1 
3 



(8.39) 
(8.40) 



Since we expect much more of the momentum in the proton to be carried by the quarks 
than the antiquarks, we anticipate 



a' 

a 1 



Inserting the values of the constants, we find 



= 1.56 



q + \q 



10" 38 cm 2 GeV- 1 . 



(8.41) 



(8.42) 



The total cross sections were measured at CERN using a heavy liquid (freon) bubble 
chamber, Gargamelle, which had been constructed at Orsay, near Paris (Ref. 8.4). Sep- 
arate neutrino and antineutrino beams were generated by the CERN Proton Synchroton 
(PS). Outgoing muons were identified by their failure to undergo hadronic interactions in 
the bubble chamber. The energy of the produced hadronic system was measured by adding 
the energy of the charged particles measured in a 20-kG magnetic field, to the energy of the 
neutral pions observed through conversion of photons in the heavy liquid. The neutrino 
flux was monitored by measuring the muon flux associated with it. 

While the Gargamelle data covered very low energies, E v < 10 GeV, the expected 
linear behavior of the cross section on the neutrino energy was observed, with the results 
g v /E = 0.74 ± 0.02 x 10" 38 cm 2 GeV" 1 , a v /E = 0.28 ± 0.01 x 10" 38 cm 2 GeV" 1 . 
These results were in good accord with the expectations. 
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The Gargamelle results were severely limited by the low energy of the CERN PS. 
Later studies were carried out at Fermilab by the Harvard, Penn, Wisconsin, and Fermilab 
Collaboration (HPWF) and the Caltech, Columbia, Fermilab, Rochester, and Rockefeller 
Collaboration (CCFRR) and at the CERN SPS by the CERN, Dortmund, Heidelberg, and 
Saclay Collaboration (CDHS) and the CERN, Hamburg, Amsterdam, Rome, and Moscow 
Collaboration (CHARM). Bubble chamber studies have also been done with the 15-foot 
bubble chamber at Fermilab and the Big European Bubble Chamber (BEBC) at CERN. 
The counter detectors have active target regions, calorimetry, and a muon spectrometer. 
These experiments confirmed the linearity of the cross section as a function of the neutrino 
energy and also gave similar results for a/E, about 0.67 x 10~ 38 cm 2 GeV -1 for neutrinos 
and 0.34 x 10 _38 cm 2 GeV -1 for antineutrinos. 



10 <Q 2 < 30 (GeV 2 ) 



^ 



■ CDHS X 1.07 

* CCFRR X 0.90 

• EMC X 18/5 
V* BFP X 0.95 X 18/5 



CDHS X 1.07 



CCFRR X 0.90 
q" + CDHS X 1 .07 




1.0 



X 



Figure 8.2. A compilation of data from neutrino and muon scattering experiments. The structure 
function F^ is essentially proportional to the sum of the quark and antiquark distributions: F2CO = 
x[q(x) + q(x)]. The structure function xFt, is similarly related to the difference of the quark and anti- 
quark distributions: xFj,{x) — x[q(x) — q(x)]. The third combination shown is q v (x) — x[u(x) + 
d(x) + 2s (*)]. The data shown are from the CDHS, CCFRR, EMC (European Muon Collabora- 
tion), and BFP (Berkeley, Fermilab, Princeton) groups [compilation taken from Review of Particle 
Properties, Phys. Lett., 170B, 79 (1986)]. The normalizations of the data sets have been modified 
as indicated to bring them into better agreement. A factor 18/5, the inverse of the average charge 
squared of a light quark, is applied to the muon data to compare them with the neutrino data. 
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Figure 8.3. The structure functions F2 for deep inelastic neutrino scattering as measured by the 
CDHS, CHARM and CCFRR collaborations. Scaling would require the structure functions to be 
independent of Q at fixed x. The deviations seen from scaling are consistent with the predictions of 
QCD. From F Dydak in Proceedings of the 1983 International Lepton/Photon Symposium, Cornell, 
1983, p. 634. 
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The essence of the parton model is that the same quark distributions should work for all 
processes. For an isoscalar target, the electromagnetic structure function is 

5 - 1 

F 2 = — x(u+d + u + d)+ -x(s+s). (8.43) 

If the contribution from strange quarks is neglected, this is just 5/18 times the correspond- 
ing structure function for neutrinos on an isoscalar target. Neglecting the strange quarks is 
a good approximation for x > 0.3, where the antiquarks as well make a small contribution. 
The agreement between the electroproduction and neutrinoproduction data is satisfactory 
as is shown in Figure 8.2. 

More detailed studies with electron, muon, and neutrino beams have demonstrated the 
Q 2 dependence predicted by QCD - the deviation from the scaling behavior of the "kinder- 
garten" parton model. At high x, increasing Q 2 reduces the quark distribution because the 
quarks split into a quark and a gluon sharing the initial momentum, as described above. At 
low x, the structure functions increase as Q 2 increases because the momentum of high x 
quarks is degraded by the emission process. These features are seen in Figure 8.3 showing 
data for da/dy from the CDHS and CHARM collaborations at CERN and the CCFRR 
collaboration at Fermilab. The deviations from scaling provide indirect evidence for the 
existence of gluons. Direct evidence awaited the development of high-energy e + e~ collid- 
ing beam machines. 



Exercises 

8. 1 Verify the curves in Figure 5 of McAllister and Hofstadter. 

8.2 What static charge distributions would produce the form factors F(q 2 ) — 1/(1 + 
q 2 //« 2 ) and F(q 2 ) = 1/(1 + q 2 /m 2 ) 2 ? 

8.3 We can define cross sections in the lab frame for virtual photons with momentum q 
using polarization vectors €7- and €1, where e ■ q = 0. If q = (v, 0, 0, ^Jv 2 + Q 2 ), 
where Q 2 — —q 2 , let 

€ T = (0,1,0,0) 

e L = (Vv 2 + Q 2 , 0, 0, v)/Q 

so €j ■ st — — 1, £l ■ £l — 1- Then 






°t ffejff^' 



Show that 



a L _ W2 



(■**)- 
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8.4 * The deep inelastic scattering process has an amplitude that can be represented as 

e 2 
M = -^u{k')Yuu{k) < F\J**(0)\p > . 
q z 

Here q — k — k' is the four-momentum transfer, and k and k' are the initial and final 
lepton momenta, p is the initial nucleon momentum, and \F > represents the final 
hadronic state. The cross section, summed over final states and averaged over initial 
lepton spins, is 

(2tt) 4 ^ c , 4/ , ,, N d 3 k' 

da 



Ak7- P V A{k+p ~ k '~ PF) ^n^' 

F 

t-t d3 p[ /4jra\ 2 , 

x n (27 r)i2E'. l^n 2Tr ^ y ^ yv < p\ j mF >< F \ J ^^\P > 

where ft — k^y^ and where we treat the lepton as massless. The p' { represent final 
state momenta of the produced hadrons. We define 

r = i (2 ,)7 /f[ ^^ , S\p + q~PF) 

x < p\J' 1 (0)\F >< F\J v (0)\p > . 

Current conservation requires that q^W^' — q v W^ v — 0. The tensor W^ v must be 
constructed from the vectors p and q. Show that the most general form for W^ v may 
be written as 

W»* = (-g»> + ^)w l + („" - ^f~) (p» - P -jf) W 2 /M\ 



Show that 

da 4a 2 E' 2 



dE'dQ' Q 4 



\ 2Wi sin 2 16 + W 2 cos 2 j0l 



where 6 is the laboratory scattering angle of the lepton. 
.5 * If the sum defining Wp, v in Exercise 8.2 is restricted to elastic scattering, the 
Rosenbluth formula should be recovered. Demonstrate that this is so by taking 



<F\J„(0)\p>=u(p') 



„ . .„ tcq o^ 
F\ v u + 1 F 2 

n 2M 



u(p). 



Further Reading 

A unique insight into the structure of the nucleon is found in the seminal Photon-Hadron 
Interactions, by R. P. Feynman, W. A. Benjamin, 1972. 
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A more theoretical discussion is given by C. Quigg in Gauge Theories of the Strong, 
Weak, and Electromagnetic Interactions, Benjamin/Cummings, Menlo Park, CA, 1983. 
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The elastic scattering of 188-Mev electrons from gaseous targets of hydrogen and helium has been studied. 
Elastic profiles have been obtained at laboratory angles between 35° and 138°. The areas under such curves, 
within energy limits of ±1.5 Mev of the peak, have been measured and the results plotted against angle. 
In the case of hydrogen, a comparison has been made with the theoretical predictions of the Mott formula 
for elastic scattering and also with a modified Mott formula (due to Rosenbluth) taking into account both 
the anomalous magnetic moment of the proton and a finite size effect. The comparison shows that a finite 
size of the proton will account for the results and the present experiment fixes this size. The root-mean- 
square radii of charge and magnetic moment are each (0.74±0.24) X 10~ 13 cm. In obtaining these results it is 
assumed that the usual laws of electromagnetic interaction and the Coulomb law are valid at distances less 
than 10~ u cm and that the charge and moment radii are equal. In helium, large effects of the finite size of 
the alpha-particle are observed and the rms radius of the alpha particle is found to be (1.6±0.1)X10 -13 cm. 



I. INTRODUCTION 

IN principle, it is possible to discover the finite size 
and structure of nuclei by methods of elastic elec- 
tron scattering at high energies. 1-3 It is even possible 
to determine the structure of the proton by these 
methods. 4 For the light nuclei the Born approximation 
is adequate to analyze the experimental data, while for 
heavier nuclei such as gold or even copper 5 Yennie el al. 
have shown that a more accurate phase shift analysis 
is required. 

The proton, deuteron, and alpha particle are most 
interesting to study because they are among the 
simplest nuclear structures. Furthermore, nuclei are 
built up out of protons and neutrons and it is fascinating 
to think of what the proton itself is built. In this paper 
we shall examine the structure of the proton and alpha 
particle. In an earlier paper 6 the scattering from the 
deuteron was reported. 

* The research reported in this document was supported jointly 
by the U. S. Navy (Office of Naval Research) and the U. S. Atomic 
Energy Commission, and by the U. S. Air Force through the Air 
Force Office of Scientific Research, Air Research and Development 
Command. 
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| These results were briefly reported at the Seattle Meeting of 
the American Physical Society, in July, 1954, but a comparison 
was not made at that time with the Rosenbluth results. 
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98, 217 (1955). 
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New York meeting of the American Physical Society [Bull. Am. 
Phys. Soc. Ser. II, 1 (1956)] by Hofstadter, Chambers, and 
Blankenbeder. The newer experiments confirm in greater detail 
the results presented in this paper. The newer results are being 
submitted for publication in The Physical Review. 
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II. EXPERIMENTAL METHODS 

Many of the experimental procedures have been 
reported in earlier papers. 2 ' 3 The only important new 
variation over earlier methods has been the substitution 
of a gaseous target for the previously used metallic foils. 
The gaseous target will now be described. 

In Fig. 1, the basic design of the target assembly is 
given. The cylinder is made of 410 stainless steel and 
has been heat-treated to increase its strength. The end 
plates are made of 0.010-inch stainless steel and are 
deformed by the high-pressure gases into the approxi- 
mate shape shown in the figure. The target cylinder is 
3| inches long and j inch in diameter. The end plates 
are sealed by means of 0-rings shown in the figure. 
Pressures as high as 2000 pounds per square inch have 
been used successfully in this chamber over long 
periods of time. 

The geometry of the scattering experiment using the 
gaseous target chamber is shown in Fig. 2. Because of 
the double-focusing characteristic of the magnetic spec- 
trometer and because of the defining slits at the entrance 
and exit of the spectrometer, the effective target viewed 
by the spectrometer has the appearance indicated 
schematically in Fig. 2. It is evident that to a very 
good approximation the scattering yield at any given 
angle will be proportional to the cosecant of the angle 
of observation in the laboratory system since the 

TO REMOTE GAS CYLINDER 
GAS INLET SYSTEM 



O-RING SEAL 




16 MIL STAINLESS CYLINDER 

Fig. 1. Basic design of the gas chamber. 
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Fig. 2. Arrangement of parts in experiments on electron 
scattering from a gas target. 



target thickness viewed by the spectrometer is pro- 
portional to this trigonometric function. Thus, to 
normalize the data to the same target thickness, the 
yield at any angle must be divided by the cosecant of 
the angle. In these experiments the effective target 
width viewed by the spectrometer is approximately § 
inch at the gas chamber and this dimension is given by 
the vertical exit slit width (0.5 inch) imaged at the 
source. 

The slit denning the acceptance angle in the plane 
common to the beam, scattering target, and entrance to 
the spectrometer, was f inch wide and is indicated in 
Fig. 2. The exit collimator at the top of the magnet had 
a horizontal slit f inch wide denning the energy band 
accepted by the Cerenkov detector, and a vertical slit 
i inch wide. The vertical slit, together with the J inch 
entrance slit, served to define the effective width of the 
target. In all the experiments herewith reported the 
incident beam was monochromatic within ±1.0 Mev 
in 187 Mev. 

At small angles, that is, angles less than 30°, it is 
possible for the spectrometer to view the end walls of 
the chamber and thus accept spurious electrons scat- 
tered by the target end plates. At 35° and 40°, a small 
residual effect of this type is present and is always sub- 
tracted from the yield furnished by the gas plus the 
target chamber. In other words, the scattering intensity 
is measured first with the gas in the chamber and then 
again with the gas removed from the target. The latter 
measurement gives the "background" due to the end 
wall effects. At all other angles, this effect is negligible. 

Multiple scattering and radiation straggling from the 
0.018-inch cylinder walls introduce only minor errors at 
the angles studied. This has been determined empiri- 
cally by inserting a 0.010-inch stainless steel test ab- 
sorber in the position so marked in Fig. 2. The test 
absorber was placed in the path of electrons scattered 
at angles 50°, 90°, and 130°. Elastic profiles were 
measured with the test absorber in and out of the path. 



The peak of the elastic scattering profile was reduced 
1 percent per mil of stainless steel in the direction of 
the scattered electrons, but the half-width of the curve 
was also increased by an amount such that the area 
under the elastic curve was the same, within 5 percent, 
whether the test absorber was in or out. This behavior 
may be understood as follows: The double focusing 
action of the spectrometer assures collection of all the 
electrons directed into the effective solid angle of the 
spectrometer, whether multiply-scattered or not and 
brings them to a focus beyond the energy slit (and from 
there into the Cerenkov detector). The only effects of 
multiple-scattering in the chamber walls are (a) to fuzz 
out the source of the scattered electrons in the gas, i.e., 
to increase or decrease the depth from which the 
scattered electrons appear to emerge from the target, 
(b) to reduce the angular resolution, and (c) to mix 
electrons scattered originally at different angles. Effect 
(a) may easily be seen to be of negligible importance. 
Effect (b) amounts to approximately (Ae , ) rms =±l°. 
Since the angular opening of the lower spectrometer 
slit is ±2° and the multiple scattering is essentially 
Gaussian, the uncertainty in measuring the scattering 
angle is not appreciably increased by the effect of the 
side walls. The incoming end plate also contributes an 
uncertainty of (Af?) rm8 =±0.7°. The resulting uncer- 
tainty, combining all causes, is approximately (Af?) rms 
= ±2.4°. The effect of multiple scattering in the 
hydrogen or helium gas volumes is of the order of 0.1° 
and hence negligible. In case (c), the error so introduced 
is of the order of tenths of a percent and is here neg- 
lected. In fact, plural scatterings are eliminated because 
of the energy selection of the spectrometer. 

Radiation straggling of the electrons coming out 
through the walls of the chamber may be shown theo- 
retically to contribute not more than a 5 percent relative 
correction between 50° and 90° and an equal figure 
between 90° and 130°, i.e., both the 50° yield and the 
130° yield would each be lowered by something less 
than 5 percent with respect to the 90° yield. Our experi- 
ments with the test absorber have not demonstrated a 
consistent loss greater than 5 percent which could be 
attributed to straggling in the chamber walls. The 
statistical accuracy and drifts of the apparatus could 
have concealed an error of the order of 5 percent. 
Hence, we have not made a correction for straggling. 

The lining-up procedure used a CsBr(Tl) crystal 
which could be moved remotely into or out of the beam. 
The crystal was placed along the beam axis just outside 
the scattering chamber. When it was desired to know 
the position of the beam, the crystal was moved into 
the beam and observed with a telescope. When the 
beam was lined up, say within ±r§- inch at the target, 
the crystal was withdrawn. Periodic checks showed 
whether or not the beam had moved. Very little beam 
motion was observed after an initial alignment. 

An ion chamber was used in the early runs as a 
monitor of the incident beam, and a secondary electron 
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emitter 7 in the later runs. The ion chamber showed a 
small amount of saturation at large beams and its runs 
were corrected by the empirically determined calibra- 
tion of ion chamber versus secondary electron emitter. 
No correction so obtained was larger than 10 percent. 
If the correction had not been included, the proton size 
(see below) would have been a trifle larger. 

The theoretical Schwinger radiation correction has 
not been applied since its angular dependence is very 
weak and well within the statistics of our experimental 
observations. 

III. RESULTS 
A. Hydrogen 

Typical elastic profiles observed in a run with hydro- 
gen at an incident energy of 185 Mev are shown in 
Fig. 3. Because of recoil of the struck proton the energy 
of the elastically deflected electron is a decreasing func- 
tion of the angle of scattering. This may be observed 
by noting the variable position of the peaks in Fig. 3. 
Figure 4 shows the theoretical behavior of the energy 
of the scattered electron plotted against laboratory 
scattering angle for an incident energy of 187 Mev. 
The solid points show the positions of the peaks of the 
elastic scattering curves taken at the various angular 
positions during an experimental run at 187 Mev. The 
agreement is excellent except at extreme angles where 
small deviations are observed. The deviations are 
actually expected because of an increasing energy loss 
in the wall as the angle of entry becomes more and more 
oblique. The observed reduction in energy of the 
scattered electrons below the theoretical curve is in 
good agreement with the energy loss in the wall. 

Because of the variation in energy of the scattered 
electrons we have been concerned that the solid angle 
effective in collecting electrons could have been smaller 
at small angles (high energies), where magnet saturation 
is important, than at large angles (smaller energies), 
where saturation is less important. To test this possi- 
bility we have measured the number of scattered elec- 
trons as a function of the entrance slit width at both 
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Fig. 3. Typical elastic profiles obtained with 
hydrogen gas at 185 Mev. 



































ieo 






























































z 
































_1 




INCIDENT 


ENERGY^ 187 MEV 














o 

Ui 

o: 

Ul 

£140 
o 

tfl 


























































• 


































LU 

MO 































































' G. W. Tautfest and H. R. Fechter, Phys. Rev. 96, 35 (1954); 
Rev. Sci. Instr. 26, 229 (1955). 



"0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 
LABORATORY ANGLE (DEGREES) 

Fig. 4. The solid line gives the theoretical energy of the 
scattered electrons for an incident energy of 187 Mev. Relativistic 
kinematics are used to obtain the theoretical curve. The expert- 
mental points correspond to peak values of the elastic profiles 
and refer to experimental observations. 

high (188 Mev) and low (139 Mev) energies. We have 
found that in both cases the number of scattered elec- 
trons for the J-inch entrance slit width is 15 percent 
below the number expected from the initial slope of the 
curve of number of scattered electrons versus slit 
width. The 15 percent reduction is due to the widest 
trajectories striking the magnet chamber walls. In the 
radial direction in the magnet no electrons are lost 
because of the small extent of the beam in this direction. 
In other words, the effective solid angle is the same at 
both low and high energies provided that the entrance 
slit width is not larger than f inch. Hence correction 
for magnet saturation is not required. 

Areas under the elastic peaks, such as those of Fig. 3, 
have been measured by numerical integration over a 
width of ±1.5 Mev about the peak. Such values have 
been plotted against laboratory angle as in Fig. 5. 
Areas over ±2 and ±2.5 Mev widths have also been 
obtained by numerical integration, but the relative 
results are essentially the same. Only the ±1.5 Mev 
results will be presented below. 

Figure 5 presents a summary of all the data obtained 
over a period of several months. It may be noticed that 
the experimental spread of points is somewhat larger 
than the statistical errors might lead one to expect. 
The causes of the spread are probably connected with 
small, unnoticed horizontal shifts of beam, hysteresis in 
the spectrometer magnet, small changes in the bias of 
the Cerenkov counter detection equipment, variations 
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Fig. 5. Curve (a) shows the theoretical Mott curve for a spinless 
point proton. Curve (b) shows the theoretical curve for a point 
proton with the Dirac magnetic moment, curve (c) the theoretical 
curve_ for a point proton having the anomalous contribution in 
addition to the Dirac value of magnetic moment. The theoretical 
curves (b) and (c) are due to Rosenbluth. 8 The experimental 
curve falls between curves (b) and (c). This deviation from the 
theoretical curves represents the effect of a form factor for the 
proton and indicates structure within the proton, or alternatively, 
a breakdown of the Coulomb law. The best fit indicates a size 
of0.70X10-' J cm. 



in saturation of the ion chamber monitor response and 
in the integrating voltmeter, and perhaps other un- 
known items. In Fig. S we have drawn a curve, labeled 
"experimental curve," which is our best estimate of the 
accumulated data at 188 Mev. The limits of error 
represent the greatest variations we have observed in 
any runs. However all runs, not being absolute, are 
normalized to each other by "best fitting." The experi- 
mental curve is also normalized to the theoretical curve 
at small angles. Also plotted in Fig. 5 are (a) the theo- 
retical Mott curve for a spinless point proton, (b) the 
theoretical curve for a point proton with the Dirac 
value of magnetic moment (gyromagnetic ratio 2.00), 
(c) the theoretical curve for a point proton with the 
anomalous value of the proton moment in addition to 
the Dirac moment (gyromagnetic ratio=5.S8). The 
theoretical curves (b), (c) are obtained from calcula- 
tions of Rosenbluth. 8 The experimental curve deviates 
from curves (a), (b), and (c) at the larger angles and is 
lower than the curve for a point proton with anomalous 
moment, but higher than the curve for a point proton 
with Dirac moment. This reduction at large angles 
below the curve for point charge represents the effect 
of a "structure factor" or a "form factor" for the proton 
and hence indicates the finite size of the proton. Since 
the usual electromagnetic relations and the Coulomb 



interaction have been used in Rosenbluth's calculation, 
we are here assuming the validity of these interactions 
at small distances (<10- 13 cm). Subject to this assump- 
tion, the experiment indicates the proton is not a 
point. 

In order to carry out the form factor calculations, we 
have made use of Rosenbluth's formalism. 8 However 
we have given the charge and magnetic moment 
phenomenological interpretations in place of the meson 
theoretic interpretations originally presented by Rosen- 
bluth. 9 We may write Rosenbluth's formulas as follows : 
for a point charge we have 



<r=<TNs\ H [2(l+/x) 2 tan 2 (0/2) + m 2 ] 



where 



and where 



1 



e 4 /cos 2 (0/2)\ 
4.eA sin 4 (e/2)/l-|-(2£/M) sin 2 (0/2) 



(2A) sin (9/2) 



[l + (2 J E/Af)sin 2 (9/2)]* 



(1) 



, (2) 



(3) 



8 M. N. Rosenbluth, Phys. Rev. 79, 615 (19S0). 



Here natural units, h=c= 1, are used and the equations 
are written in terms of the laboratory coordinates; g is 
the invariant momentum transfer in the center-of-mass 
frame expressed in laboratory coordinates; E is the 
energy of the incident electrons; M the mass of the 
proton, and n is the anomalous part of the proton's 
magnetic moment (n= 1.79). X is the reduced de Broglie 
wavelength of the electron in the laboratory system. 
For a diffuse proton we may write : 

I « 2 1 

(t=wj Fi'+ C2(F 1 +mF2) 2 tan 2 (cy2)+ M W] , (4) 

I 4M 2 I 

where /A is the charge form factor (which also influences 
the intrinsic "Dirac" magnetic moment) and F 2 the 
anomalous magnetic moment form factor. In principle 
Fi does not have to be the same as F 2 . Fi and Fi may 
be written as functions of (q{r)), where (r) is the root- 
mean-square radius of the appropriate charge, or mo- 
ment distribution. Fi and Fi may also be identified 
with e'/e and k'e'/kee in Rosenbluth's article. 

We have not made detailed analyses for different Fi 
and F 2 . Rather, as may be seen below, we have assumed 
Fi=Fi. However, the data at all energies are quite 
consistent with this choice. 

At the energies used in these experiments, the form 
factor (Fi or ,F 2 ) is not appreciably shape dependent, 
i.e., one cannot distinguish between uniform, expo- 
nential, or Gaussian charge (or magnetic moment) 
distributions. All that can be determined is a mean 
square radius. Therefore we have tried to fit the experi- 

9 We are indebted to Dr. D. R. Yennie for formulation of 
Eqs. (l)-(4). 
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mental data with a phenomenological form factor corre- 
sponding to various values of the mean square radii 
up to values of q(r)=l.O. q is again the momentum 
transfer and (r) the root-mean-square radius of the 
charge or magnetic moment distributions. For sim- 
plicity, as stated above, we have assumed that v") C harge 

= v")anomalous magnetic moment, although in principle this is 

not a necessary restriction. Hence we can expect only 
to obtain a first approximation to the structure and 
size of the proton. 

When such form factors are applied to the point 
charge-point moment curve, the behavior of the experi- 
mental curve can be reproduced very well. In fact for 

('•>charge=('->magn«icmoment = 0.70X10- 13 the theoretical 

curve cannot be distinguished from the experimental 
curve within the limits of error. A separate theoretical 
curve for 0.70X 10 -13 cm therefore has not been included 
in Fig. 5. The limits of error in the radius are conserva- 
tively estimated at ±0.24X lO" 13 cm. 

A similar fitting procedure can be employed with 
data obtained with electrons at 236 Mev in the incident 
beam. In this case our measurements could be made 
only at angles larger than or equal to 90° since our 
magnetic spectrometer cannot bend electrons of energy 
higher than those scattered at 90° (or smaller angles) : 
For an incident energy of 236 Mev the scattered electron 
at 90° has an energy of 189 Mev, the approximate 
limit of our apparatus. 

Figure 6 shows the experimental points obtained in 
several runs at 236 Mev. The shape of the point charge- 
point moment curve is shown as well as the experi- 
mental points. No absolute values are known for the 
experimental points so that the best that can be done is 
to try to fit the shape of the experimental curve with 
Eq. (4) for various values of Fi and F 2 . Again the 
assumption Fi = Fi is made. Such attempts are shown 
in Fig. 6 and are labeled rms 6.2, 7.8, and 9.3X 10 -14 cm. 
The dotted curves corresponding to 6.2X10 -14 cm and 
9.3X10 -14 cm may be shifted down or up respectively 
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Fig. 6. This figure shows the experimental points at 236 Mev 
and the attempts to fit the shape of the experimental curve. The 
best fit lies near 0.78X 10" 13 cm. 
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LABORATORY ANGLE IN DEGREES 

Fig. 7. Theoretical curves are shown for electrons of 100 Mev, 
along with the experimental observations at that energy. 

to try to fit the experimental points, but neither curve 
will do so within the limits of error. Hence the data at 
236 Mev support a "best" value of rms radius of 
(0.78±0.20)X10- 13 cm, conservatively speaking. This 
value is in good agreement with the best value (0.70 
±0.24)X10" 13 cm obtained above at 188 Mev. 

In order to test some features of the apparatus, we 
have carried out a scattering experiment at an incident 
energy of 100 Mev. In this case, if our model of the 
proton is correct, the observed scattering should be 
quite close to the curve for a point charge and point 
moment because the q(r) value is small and F 2 =1.0. 
Figure 7 shows that the agreement observed is highly 
satisfactory. At 100 Mev, the magnetic spectrometer is 
never saturated at any angle. Hence the "saturation" 
aspect and possible defocusing effects are not tested by 
this experiment. However, the 236-Mev and 188-Mev 
runs do test such possible effects since different energies 
correspond to different angular positions. The good 
agreement obtained between these latter two sets of 
data and the satisfactory behavior at 100 Mev is 
essentially what we have published earlier. 4 

These results may be summarized in the following 
way : If the proton can be assumed to (a) have distri- 
butions of charge and magnetic moment equal, or at 
least similar, in size and (b) if the Coulomb law and 
the usual electromagnetic laws are obeyed at distances 
of the order of 0.7X10 -13 cm, then these experiments 
show that the proton has an rms radius of (0.74±0.24) 
X 10~ 13 cm. Of course, if the Coulomb law and the usual 
interactions are not valid, these findings could also be 
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Fig. 8. The experimental curve for helium in the center-of-mass 
system, hydrogen normalizing points, and the helium point charge 
construction are shown. This figure also exhibits the square of the 
form factor as a function of angle. The best fit of theory to experi- 
ment corresponds to an rms radius of 1.60X10~ 13 cm. 

interpreted in terms of a point charge and point mo- 
ment. We suspect that the breakdown of the Coulomb 
law would have exhibited other consequences, possibly 
already recognized in the literature. Phenomenologically 
we cannot distinguish, at the present time with these 
experiments alone, between a finite size of the proton 
and a breakdown of the Coulomb law. Nevertheless, 
any meson theory would predict a finite size of the 
proton's magnetic moment and this is what we may 
have found in the proton. 

B. Helium 

The elastic peaks observed in helium are similar to 
those found in hydrogen, except that the recoil shifts 
are approximately four times smaller. To measure the 
form factor of the alpha particle with respect to electron 
scattering, we have made essentially simultaneous 
measurements of the scattering from helium and 
hydrogen and compared the results. The procedure 
involved carrying out the helium measurements, empty- 
ing the target chamber, and finally substitution of 
hydrogen for the helium. A series of measurements in 



hydrogen is thus made almost at the same time as the 
helium measurements. From a few representative hydro- 
gen points, we can construct a point-charge Moll curve 
for hydrogen, say, between 35° and 90°. If we multiply 
this curve by four (ZsJ'= 2 2 =4) we obtain a theoretical 
point-charge curve for helium. Note that we use a 
Mott curve (spinless particle) since the alpha particle 
has no spin or magnetic moment. The ratio of the 
actually observed experimental curve in helium to the 
point charge curve for helium gives the square of the 
form factor. Thus the form factor can be compared 
with theoretical form factors for various size charge 
distributions. 

Figure 8 shows the helium experimental curve in the 
center-of-mass system, the hydrogen normalizing points, 
and the helium point-charge construction. The incident 
energy was 188 Mev for these experiments. Corrections 
for the different energies in the center-of-mass system 
and for the different effective solid angles have been 
made. A glance at the figure shows that the elastic scat- 
tering from the alpha particle is considerably smaller at 
large angles (a factor of 10 at 110°) than that from a 
point charge. 

Figure 8 also shows the ratio of the alpha-particle 
scattering to that of a point charge with Z=2. This 
curve represents the square of the "form factor." The 
scale is given in the upper right hand corner of Fig. 8. 
This curve is indistinguishable from a (form factor) 2 
curve for an rms radius of (1.60±0.10)X10~ 13 cm. For 
such a small nucleus and an energy 188 Mev, our 
analysis will not give more than an rms radius from 
these measurements. It is curious that the rms radius 
of the alpha particle is approximately twice that of the 
proton as determined from these scattering measure- 
ments. Allowing for the rms radius of each of the two 
protons in the alpha particle, as determined above, the 
rms radius of the alpha particle would be smaller. By 
subtracting mean squares, the rms radius to the charge 
centroid would be 1.41X10 -18 cm. This approximate 
calculation probably overemphasizes the effect of the 
finite protonic size. 
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Cross sections for inelastic scattering of electrons from hydrogen were measured for 
incident energies from 7 to 17 GeV at scattering angles of 6° to 10° covering a range of 
squared four-momentum transfers up to 7.4 (GeV/c) 2 . For low center-of-mass energies 
of the final hadronic system the cross section shows prominent resonances at low mo- 
mentum transfer and diminishes markedly at higher momentum transfer. For high ex- 
citations the cross section shows only a weak momentum-transfer dependence. 



Inelastic electron-proton scattering at high 
four-momentum transfer and large electron-en- 
ergy loss has been used to investigate the elec- 
tromagnetic structure and interactions of the pro- 
ton. 1 We have measured the double differential 
cross section d 2 o(E,E', 0)/dtodE' for electrons 
on hydrogen in a new kinematic region made ac- 
cessible by the Stanford linear accelerator. We 
report measurements made at 6° and 10° for sev- 
eral incident energies E, and for a range of scat- 

930 



tered energies E', beginning at elastic scattering 
and ending at £'»3 GeV. Only the scattered elec- 
tron was detected. In this kind of measurement 
the two inelastic form factors 2 which describe 
the electromagnetic properties of the proton are 
functions of the squared four-momentum trans- 
fer, q 2 , and the mass of the unobserved hadronic 
final state, W. We have measured several spec- 
tra at each angle to allow the calculation of mod- 
el-independent radiative corrections 3 over a wide 
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range of q 2 and W. 

We observe the excitation of several nucleon 
resonances 4 " 7 whose cross sections fall rapidly 
with increasing q 2 . The region beyond W~2 GeV 
exhibits a surprisingly weak q 2 dependence. This 
Letter describes the experimental procedure and 
reports cross sections for W*2 GeV. Discus- 
sion of the results and a detailed description of 
the resonance region will follow. 8 

The incident energies at 8 = 10° were 17.7, 15.2, 
13.5, 11, and 7 GeV, and at 9 = 6° were 16, 13.5, 
10, and 7 GeV. For fixed E and 9, along a spec- 
trum of decreasing £', W increases and q 2 de- 
creases. The maximum range of these variables 
over a single measured spectrum occurred at an 
incident energy of 17.7 GeV and an angle of 10°, 
where W varied from one proton mass to 5.2 
GeV, and q 2 from 7.4 to 1.6 (GeV/c) 2 . For each 
spectrum E' was changed in overlapping steps of 
2 % from elastic scattering, through the observed 
resonance region, to Wx2 GeV. Then steps cor- 
responding to a change in W of 0.5 GeV were 
made. 

The electron beam from the accelerator was 
momentum analyzed with values of Ap/p between 
±0.1 and ±0.25% and then passed through a 7-cm 
liquid-hydrogen target. Two toroid charge moni- 
tors measured the integrated beam current with 
uncertainties of less than 0.5%. Electrons scat- 
tered in the target were momentum analyzed by 
a double-focusing magnetic spectrometer 9 cap- 
able of momentum analysis to 20 GeV/c. Parti- 
cles selected by the spectrometer passed through 
a system of four hodoscopes to determine their 
trajectories and then into a pion-electron separa- 
tion system based on the different cascade- show- 
er properties of electrons and pions. This sys- 
tem considered of a 1- radiation- length slab of 
lead followed by three scintillation counters (dE/ 
dx counters) to detect showers initiated in the 
lead. The showers were then further developed 
in a total-absorption counter consisting of six- 
teen 1- radiation- length lead slabs alternated with 
Lucite Cherenkov counters. The dE/dx counters 
increased the pion-electron separation efficiency 
by about a factor of 20 at lower E', but were not 
required for values of E ' near the elastic peak. 
The electron-detection efficiency decreased with 
E' and was 88 % at 5 GeV. The uncertainty in the 
electron-detection efficiency was ±1.5% above 
£' = 5 GeV and increased to ±4% at£' = 3 GeV. 

The momentum acceptance of the spectrometer 
was A/>/£ = 3.5% with momentum resolution of 
0.1 %. The angular acceptance was Afl = 7 mrad 



with a resolution of 0.3 mrad. The measured 
solid angle of the instrument was 6xl0~ 5 sr with 
an uncertainty of ±2 %. 

Extensive tests showed that there could be sig- 
nificant reductions in target density due to beam 
heating. In order to correct for changes in the 
density a second spectrometer 10 was simulta- 
neously used to measure protons from elastic 
electron-proton scattering at low momentum 
transfer. The angle and momentum settings of 
this spectrometer remained fixed for each spec- 
trum. Usually the density reductions were less 
than 4%, with the maximum value being 13%. 
An uncertainty of ±1 % was assigned to the mea- 
sured cross sections for this correction. 

The main trigger for an event was provided by 
a logical "or" between the total-absorption count- 
er and a coincidence of two scintillation trigger 
counters placed before and after the hodoscopes. 
The event information was buffered and written 
on magnetic tape by a SDS-9300 on-line comput- 
er, which also provided preliminary on-line da- 
ta analysis. 

The cross sections were determined from an 
event-by- event analysis of the hodoscopes and 
the electron-pion discrimination counters. Cor- 
rections were made for fast- electronics and com- 
puter dead times, hodoscope-counter inefficien- 
cies, multiple tracks, inefficiencies of electron 
identification, and target- density fluctuations. 
Yields from an empty replica of the experimental 
target, typically 7 %, were subtracted from the 
full-target measurements. Electrons originating 
from n° decay and pair production were measured 
by reversing the spectrometer polarity and mea- 
suring positron yields. This correction is impor- 
tant only for small E' and amounted to a maxi- 
mum of 15%. The error associated with each 
point arose from counting statistics and uncer- 
tainties in electron-detection efficiencies, added 
in quadrature. 

The data were analyzed separately at the Stan- 
ford Linear Accelerator Center (SLAC) and Mass- 
achusetts Institute of Technology (MIT) and aver- 
aged before each group began radiative correc- 
tions. The results of the analyses were in excel- 
lent agreement. For the results given in Table I, 
the two analyses differed from their mean by an 
average value of 0.35% with an rms deviation of 
1.2%. 

The radiative- correction procedures had two 
steps. The first was the subtraction of the cal- 
culated radiative tail of the elastic peak from 
each spectrum. Using the measured form factors 



931 



232 
Voujme 23, Number 16 



Ref. 8.2: Deep-Inelastic Electron-Proton Scattering 
PHYSICAL REVIEW LETTERS 



20 October 1969 



Table I. Measured cross sections for W&2.Q GeV after all corrections. The errors are 1 standard deviation. 
The systematic error is not included In the table but is estimated at 5% fori!' >S GeV, increasing to 10% at£' 
« 3 GeV. 
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for elastic electron-proton scattering, the radia- 
tive tail can be calculated tq lowest order of a 
without using the peaking approximation. 11 Con- 
tributions from external and internal br ems strati- 
lung, including multiple photon emission, were 
calculated by two different methods. The differ- 
ences between these methods were noticeable 
only for data with if > 1 5 GeV and E ' < 4 GeV, and 
amounted to less than 2 % in the corrected cross 
section. The maximum elastic-tail contributions 
to our data are 26% of the cross section at E' 



= 3.8 GeV in the 16-GeV, 6° spectrum and 21% at 
£' = 3 GeV in the 17. 1- GeV, 10° spectrum. 

The second step in the radiative correction pro- 
cedure was a two-dimensional unfolding employ- 
ing the peaking approximation. llp12 All data at 
one angle were used to calculate the corrected 
cross sections. The computation involved no 
specific model for the cross section, but exten- 
sive interpolation and some extrapolation of the 
data were necessary. All experimental results 
having values of E' greater than the lowest value 
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FIG. 1. The spectrum at 9 = 6°, £ = 10 GeV (a) before 
and (b) after radiative corrections. In (a), the dashed 
line is the calculated elastic radiative tail which is sub- 
tracted before the two-dimensional unfolding is started. 
The clastic peak, but not the radiative tail, has been 
reduced by a factor of 6. (o) The ratio of the radiative- 
ly corrected to the uncorrected cross sections shown 
in (b) and (a). No systematic errors are shown. The 
radiative corrections increase the Tandem errors. 



of E (7 GeV) utilized no extrapolated data. A 
variety of numerical procedures involving differ- 
ent kinematic contours for interpolation and ex- 
trapolation have been studied. 

The errors of the measured cross sections 
were propagated through the radiative unfolding 
procedure. Additional uncertainties resulted 
from the numerical procedures and the approxi- 
mations made in the application of the radiative 
correction theories. From various studies we 
believe that uncertainties due to interpolation 
techniques are less than 1 %, and uncertainties 
due to extrapolation procedures (most important 
at the lowest E spectrum at each angle) are less 
than 8%. Errors from theoretical approxima- 
tions are more difficult to assess. They are 
small near the elastic peak and increase with de- 
creasing E'; furthermore, they increase with in- 
creasing fl. We believe that for these data, er- 
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FIG, 2, Three representative radiative ly corrected 
spectra at (a) 9 = 6", £=7 GeV; (b)S = 6°, E=lSGeV, 
and (c) 8 = 10°, B ■ 17.7 GeV. The ranges of t? covered 
are (a) 0.2 « q* * 0.5 (GeV/cf; (b)0.7«^«2.6 (GeV/ 
e} 2 ; and (c) 1.6 «? 2 «7.3 (GeV/c} ! . The elastic peaks 
are not shown. 

rors due to theoretical approximations are on the 
order of 5% or less. 

The results of the MIT and SLAC analyses, 
which involved different radiative correction pro- 
cedures, differed typically from their mean by 
less than 1 % and nowhere by more than i a stan- 
dard deviation. The results have been averaged, 
and the differences have been included in the es- 
timate of systematic error. 

Figure 1 Shows the 10-GeV, 6° spectrum. Fig- 
ure 1 (a) is the spectrum before radiative correc- 
tions. The dashed line is the calculated elastic 
radiative-tail contribution to this spectrum. Fig- 
ure 1(b) shows this spectrum after complete ra- 
diative corrections, and Fig, 1(c) shows the ratio 
of the corrected to the measured data. Figure 2 
shows three other corrected spectra with pro- 
gressively increasing ranges of ?\ The q z de- 
pendence of the inelastic continuum at large W is 
clearly much weaker than that of the resonances. 

Table I summarizes our results for W ? 2 GeV. 
Data for W * 2.3 GeV are averages over a small 
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number of neighboring data points, and all other 
data represent averages over the total spectrom- 
eter acceptance. The kinematic variables corre- 
spond to the central ray of the spectrometer. 
The errors are 1 standard deviation based on 
counting statistics and electron-detection effi- 
ciency, propagated through the radiative correc- 
tion programs. Systematic errors are not includ- 
ed in Table I. Estimates of the combined sys- 
tematic errors are 5% for £'>5 GeV increasing 
to 10 % at E' « 3 GeV. These data are in general 
agreement, to within the stated errors, with the 
preliminary data reported at Vienna. 7 
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OBSERVED BEHAVIOR OF HIGHLY INELASTIC ELECTRON-PROTON SCATTERING 

M. Breidenbach, J. I. Friedman, and H. W. Kendall 

Department of Physics and Laboratory for Nuclear Science,* 

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

and 

E. D. Bloom, D. H. Coward, H. DeStaebler, J. Drees, L. W. Mo, and R. E. Taylor 

Stanford Linear Accelerator Center, t Stanford, California 94305 

(Received 22 August 1969) 

Results of electron-proton inelastic scattering at 6° and 10° are discussed, and values 
of the structure function W t axe estimated. If the interaction is dominated by transverse 
virtual photons, yW 2 can be expressed as a function of u = 2Mv/q 2 within experimental 
errors for q 2 >1 (GeV/c) 2 and oj >4, where v is the invariant energy transfer and q 2 is 
the invariant momentum transfer of the electron. Various theoretical models and sum 
rules are briefly discussed. 



In a previous Letter, 1 we have reported experi- 
mental results from a Stanford Linear Accelera- 
tor Center -Massachusetts Institute of Technol- 
ogy study of high-energy inelastic electron-pro- 
ton scattering. Measurements of inelastic spec- 
tra, in which only the scattered electrons were 
detected, were made at scattering angles of 6° 
and 10° and with incident energies between 7 and 
17 GeV. In this communication, we discuss some 
of the salient features of inelastic spectra in the 
deep continuum region. 

One of the interesting features of the measure- 
ments is the weak momentum -transfer depen- 
dence of the inelastic cross sections for excita- 
tions well beyond the resonance region. This 
weak dependence is illustrated in Fig. 1. Here 
we have plotted the differential cross section di- 
vided by the Mott cross section, (ePo/dildE')/ 
(do/dQ) Uott , as a function of the square of the 
four-momentum transfer, q 2 = 2££'(l-cos0), for 
constant values of the invariant mass of the re- 
coiling target system, W, where W^-TM (E-E') 
+ M 2 -q 2 . E is the energy of the incident electron, 
E' is the energy of the final electron, and 9 is 
the scattering angle, all defined in the labora- 
tory system; M is the mass of the proton. The 
cross section is divided by the Mott cross sec- 
tion 



^S 



in order to remove the major part of the well- 
known four -momentum transfer dependence aris- 
ing from the photon propagator. Results from 
both 6° and 10° are included in the figure for each 
value of W. As W increases, the q 2 dependence 
appears to decrease. The striking difference 



between the behavior of the inelastic and elastic 
cross sections is also illustrated in Fig. 1 , where 
the elastic cross section, divided by the Mott 
cross section for 9 = 10°, is included. The q 2 de- 
pendence of the deep continuum is also consider - 




FIG. 1. (<Pa/dOdE')/o Uan , in GeV" 1 , vs « 2 for W 
= 2, 3, and 3.5 GeV. The lines drawn through the data 
are meant to guide the eye. Also shown is the cross 
section for elastic e-p scattering divided by ffMott, 
(da/dtt)/o Mcn , calculated for 8 = 10°, using the dipole 
form factor. The relatively slow variation with q 2 of 
the inelastic cross section compared with the elastic 
cross section is clearly shown. 
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ably weaker than that of the electroexcitation of 
the resonances, 2 which have a q 2 dependence sim- 
ilar to that of elastic scattering for q 2 > 1 (GeV/c) 2 . 
On the basis of general considerations, the dif- 
ferential cross section for inelastic electron 
scattering in which only the electron is detected 
can be represented by the following expression 3 : 



d 2 o 



m 



dSldE' \dSlA 



(W 2 + 2Wttan 2 |e). 



The form factors W 2 and W l depend on the prop- 
erties of the target system, and can be repre- 
sented as functions of q 2 and v = B-E', the elec- 
tron energy loss. The ratio W 2 /W 1 is given by 



H^ (1+n R> ^' 



where R is the ratio of the photoabsorption cross 
sections of longitudinal and transverse virtual 
photons, R = o s /o T * 

The objective of our investigations is to study 
the behavior of W 1 and W 2 to obtain information 
about the structure of the proton and its electro- 
magnetic interactions at high energies. Since at 
present only cross -section measurements at 
small angles are available, we are unable to 
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make separate determinations of W 2 and W,. 
However, we can place limits on W 2 and study 
the behavior of these limits as a function of the 
invariants v and q 2 . 

Bjorken 5 originally suggested that W 2 could 
have the form 

where 

w=2Mv/q 2 . 

F(w) is a universal function that is conjectured 
to be valid for large values of v and q 2 . This 
function is universal in the sense that it mani- 
fests scale invariance, that is, it depends only 
on the ratio v/q 2 . Since 



vW, 



vcPo/dSldE 
(do /d SI) i, 



— fl + 27-^(1 +4 )tan 2 ie1 \ 
n I 1 +R \ q 2 1 J ' 



the value of vW 2 for any given measurement 
clearly depends on the presently unknown value 
of R. It should be noted that the sensitivity to R 
is small when 2(1 + v 2 /q 2 ) tan 2 |S « 1. Experimen- 
tal limits on v W 2 can be calculated on the basis 
of the extreme assumptions R = 0 and R = °°. In 
Figs. 2(a) and 2(b) the experimental values of vW 2 
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FIG. 2, v\V 2 vs ui = 2Mv/q i is shown for various assumptions about R = <r s /a 71 (a) 6° data except for 7-GeV spec- 
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(e) 6°, 7-Ge V spectrum for R = 0 and R = ■». 
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from the 6° and 10° data for q 2 >0.5 (GeV/c) 2 are 
shown as a function of u for the assumption that 
iJ = 0. Figures 2(c) and 2(d) show the experimen- 
tal values of vW 2 calculated from the 6° and 10° 
data with q 2 >0.5 (GeV/c) 2 under the assumption 
fl = °°. The 6°, 7 -GeV results for vW 2 , all of 
which have values of q 2 «0.5 (GeV/c) 2 , are shown 
for both assumptions in Fig. 2(e). The elastic 
peaks are not displayed in Fig. 2. 

The results shown in these figures indicate the 
following: 

(1) If o T »o s , the experimental results are 
consistent with a universal curve for to i 4 and q 2 
.20.5 (GeV/c) 2 . Above these values, the measure- 
ments at 6° and 10° give the same results within 
the errors of measurements. The 6°, 7-GeV 
measurements of vW 2 , all of which have values 

of q 2 «0.5 (GeV/c) 2 , are somewhat smaller than 
the results from the other spectra in the continu- 
um region. 

The values of vW 2 for k>,J5 show a gradual de- 
crease as w increases. In order to test the sta- 
tistical significance of the observed slope, we 
have made linear least -squares fits to the values 
of v W 2 in the region 6 =s wi 25. These fits give 
vW 2 = (0.351 ±0.023)~(0.003 86 ±0.000 88)u> for 
data with? 2 > 0.5 (GeV/c) 2 and vW 2 = (0.366 ±0.024) 
-(0.0045± 0.0019)o for q 2 > 1 (GeV/c) 2 . The quot- 
ed errors consist of the errors from the fit add- 
ed in quadrature with estimates of systematic er- 
rors. 

Since a T +a s - in 2 avW 2 /q 2 for o>»l, our re- 
sults can provide information about the behavior 
of a T if o r » a s . The scale invariance found in 
the measurements of vW 2 indicates that the q 2 
dependence of o T is approximately 1/q 2 . The 
gradual decrease exhibited in vW 2 for large to 
suggests that the photoabsorption cross section 
for virtual photons falls slowly at constant q 2 as 
the photon energy v increases. 

The measurements indicate that vW 2 has a 
broad maximum in the neighborhood of a> = 5. 
The question of whether this maximum has any 
correspondence to a possible quasielastic peak 6 
requires further investigation. 

It should be emphasized that all of the above 
conclusions are based on the assumption that a T 
»a s . 

(2) If a s » o T , the measurements of vW 2 do not 
follow a universal curve and have the general 
feature that at constant 2Mv/q 2 , the value of vW 2 
increases with q 2 . 

(3) For either assumption, vW 2 shows a thresh- 
old behavior in the range 1 * w£i. W 2 is con- 



strained to be zero at inelastic threshold which 
corresponds to w^l for large q 2 . In the thresh- 
old region of vW 2 , W 2 falls rapidly as q 2 increas- 
es at constant v. This qualitatively different 
from the weak q 2 behavior for w>i. For q 2 ~l 
(GeV/c) 2 , the threshold region contains the res- 
onances excited in electroproduction. As q 2 in- 
creases, the variations due to these resonances 
damp out and the values of vW 2 do not appear to 
vary rapidly with q 2 at constant u>. 

It can be seen from a comparison of Figs. 2(a) 
and 2(c) that the 6° data provide a measurement 
of vW 2 to within 10% up to a value of u~ 6, irre- 
spective of the values of R. 

There have been a number of different theoreti- 
cal approaches in the interpretation of the high- 
energy inelastic electron -scattering results. One 
class of models, 6 " 9 referred to as parton models, 
describes the electron as scattering incoherently 
from pointlike constituents within the proton. 
Such models lead to a universal form for vW 2t 
and the point charges assumed in specific models 
give the magnitude of vW 2 for a> > 2 to within a 
factor of 2. 6 Another approach 10,11 relates the in- 
elastic scattering to off-the -mass-shell Compton 
scattering which is described in terms of Regge 
exchange using the Pomeranchuk trajectory. 
Such models lead to a flat behavior of vW 2 as a 
function of v but do not require the weak q 2 de- 
pendence observed and do not make any numeri- 
cal predictions at this time. Perhaps the most 
detailed predictions made at present come from 
a vector -dominance model which primarily uti- 
lizes the p meson. 12 This model reproduces the 
gross behavior of the data and has the feature 
that vW 2 asymptotically approaches a function of 
a) as q 2 ~x. However, a comparison of this mod- 
el with the data leads to statistically significant 
discrepancies. This can be seen by noting that 
the prediction for d 2 o/dQdE' contains a parame- 
ter £, the ratio of the cross sections for longi- 
tudinally and transversely polarized p mesons on 
protons, which is expected to be a function of W 
but which should be independent of q 2 . For val- 
ues of ?> 2 GeV, the experimental values of | 
increase by about (50 ± 5)% as q 2 increases from 
1 to 4 (GeV/c) 2 . This model predicts that 

o s /o T = i(W){q 2 /m 2 )[l-q 2 nmu\, 

which will provide the most stringent test of this 
approach when a separation of W t and W 2 can be 
made. 

The application of current algebra 13 " 17 and the 
use of current commutators leading to sum rules 
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and sum -rule inequalities provide another way of 
comparing the measurements with theory. There 
have been some recent theoretical considera- 
tions 18 " 20 which have pointed to possible ambigu- 
ity in these calculations; however, it is still of 
considerable interest to compare them with ex- 
periment. 

In general, W 2 and W l can be related to com- 
mutators of electromagnetic current densities. 6,16 
The experimental value of the energy -weighted 
sum ]^ltfui/w*)(,vW 2 ) , which is related to the 
equal-time commutator of the current and its 
time derivative, is 0.16 ±0.01 for R = 0 and 0.20 
± 0.03 for R = oo. The integral has been evaluated 
with an upper limit a) = 20. This integral is also 
important in parton theories where its value is 
the mean square charge per parton. 

Gottfried 21 has calculated a constant-? 2 sum 
rule for inelastic electron -proton scattering 
based on a nonrelativistic quark model involving 
pointlike quarks. The resulting sum rule is 



•4 <" -V/2M 



_, G En 2 +(q 2 /W 2 )G Mn 
l + ? 2 /4M 2 

where G Ep and G Mp are the electric and magnetic 
form factors of the proton. The experimental 
evaluation of this integral from our data is much 
more dependent on the assumption about R than 
the previous integral. We will thus use the 6° 
measurements of W 2 which are relatively insen- 
sitive to R. Our data for a value of q 2 =s 1 (GeV/ 
c) 2 , which extend to a value of v of about 10 
GeV, give a sum that is 0.72 ±0.05 with the as- 
sumption that R = 0. For ii = °°, its value is 0.81 
±0.06. An extrapolation of our measurements of 
vW 2 for each assumption suggests that the sum is 
saturated in the region u ^ 20-40 GeV. Bjorken 13 
has proposed a constant-? 2 sum -rule inequality 
for high-energy scattering from the proton and 
neutron derived on the basis of current algebra. 
His result states that 



/ 



' du 



i>(W 2D +W 2n )- 



J q 2 /2M 



dv(W 2p + W 2I 



creases. Using our results, this inequality is 
just satisfied at <x> m 4.5 for the quark model and 
at a) ^4.0 for the other model for either assump- 
tion about R. For example, this corresponds to 
a value of k^4.5 GeV for q 2 = 2 (GeV/c) 2 . Bjor- 
ken 23 estimates that the experimental value of the 
sum is too small by about a factor of 2 for either 
model, but is should be noted that the q 2 depen- 
dence found in the data is consistent with the pre- 
dictions of this calculation. 



where the subscripts p and n refer to the proton 
and neutron, respectively. Since there are pres- 
ently no electron -neutron inelastic scattering re- 
sults available, we estimate W 2J1 in a model-de- 
pendent way. For a quark model 22 of the proton, 
W 2n =i0.8W 2p whereas in the model 8 of Drell and 
co-workers, W 2n rapidly approaches W 2p as fin- ters 22, 156 (1969). 
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have been performed using the large heavy liquid bub- 
ble chamber Gargamelle exposed to the v and v beams 
at the CERN PS. Gargamelle is a cylindrical chamber 
of length 4.8 m and diameter 1.85 m, placed in a mag- 
netic field of 20 kG. The liquid filling was heavy freon 
CF 3 Br with radiation length X 0 = 1 1 cm and interac- 
tion length L 0 = 60 cm. The analysis has been carried 
out using 95 000 and 1 74 000 pictures taken in the v 
and v beams, respectively. Only those events located 
within a fiducial volume of 3 m 3 contained in the 
7 m 3 visible volume of Gargamelle have been measur- 
ed in the present work. This fiducial volume was 
chosen to provide a mean potential path length of 
150cm for the particles produced in the v{v) interac- 
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tions, allowing a reliable separation of the muons from 
the strongly interacting particles. 

Muonic neutrino (antineutrino) induced reactions 
were characterised by the presence of a negative (posi- 
tive) muon among the secondary products. Therefore, 
events containing at least one particle of negative 
(positive *) charge which did not undergo a strong in- 
teraction within the visible volume (absorption, nu- 
clear interaction and/or large angle scattering > 30 , 
or transverse momentum > 100 MeV/c) were classi- 
fied as neutrino (antineutrino) events. Of course, there 
exists a class of ambiguous events (hereafter called w 
events) containing at least one "non-interacting" par- 
ticle of each charge. Events without a muon-signature 
are called hadromc events [1] and are not analysed 
further in this paper 

The energy of the neutrino (antineutrino) produc- 
ing a given event was taken to be the total energy 
liberated in the interaction. The energy taken off by 
all charged and neutral secondaries must therefore 
be estimated. The momenta of charged particles were 
determined from track curvature or range measure- 
ments. The energy imparted to the neutrons and ^° 
mesons was obtained by measuring the energy deposit- 
ed by these particles in the visible volume of the cham- 
ber. 

The muon energy is measured on average with a 
precision of about 8%, whilst the charged hadron ener- 
gy is determined within 15%. Due to the short radia- 
tion length of heavy freon, 7-ray energies are only 
measured to a precision of about 30%. 

Undetected neutrons constitute the main cause of 
missing energy. Only 75% of the emitted neutrons in- 
teract in the visible volume and produce a measurable 
neutron star. As on average only one third of the ener- 
gy of a given neutron is deposited in the form of visible 
energy**, the neutron energy was obtained by multi- 
plying the visible energy of the neutron star by a fac- 
tor of 3. Taking these facts into account the energy 
loss due to undetected neutrons was corrected for em- 
pirically by calculating the mean energy taken off by 
neutrons interactions with associated neutron stars, as 
a function of the total visible energy (E). The mean 
loss of energy per event was found to be : 

* Stopping protons are easily identified at the scan table. 
** This conclusion is obtained from the examination of all 
nucleon-nucleon data above 0.5 GeV/c 



for neutrinos 0.045 + 0.01 5 E GeV 
for antineutrinos 0.079 + 0.030 E GeV. 

A correction for undetected and unmeasurable 
7-rays was also applied. On average, the energy impart- 
ed to an electron-positron pair was found to be 230 
MeV, independent of the visible energy liberated in 
the neutrino interaction. This amount of energy was 
thus added to the events with an odd number of elec- 
tron-positron pairs. 

Some 7% of the tracks due to hadrons were unmea- 
surable because the particle interacts after a very short 
flight path so that any curvature measurement was 
meaningless. In these cases, either the hadron energy 
was estimated from an analysis of the secondary star, 
or if this was impossible, the particle was assigned an 
energy equal to the mean energy taken off by a hadron, 
L-e. 500 MeV. 

Fast interacting protons and positive pions (kinetic 
energy c 1 GeV) cannot be separated by a momentum- 
ionization analysis. However, as a result of a study of 
the distribution of 5-rays along their tracks, and the 
proton range spectrum, more than 80% of these inter- 
acting particles were found to be protons. Therefore, 
in the present study all these particles have been 
taken as protons. 

The average energy correction per event due to all 
these causes amounts to ~ (5 ± 2.5)% of the visible 
energy. Having applied these corrections, different 
cuts were imposed to select the final sample of events. 

In order to reduce the background due to charged 
incoming particles interacting in the fiducial volume, 
cuts on the longitudinal momentum along the v beam 
axis, P L , and the total energy, E, and the four-momen- 
tum transfer q* were applied. Only those events with 
P L >0.6GeVlandE> 1 GeV and <? 2 <^^ ax * were 
retained for further analysis. 

Events have been discarded when the measurement 
error was greater than 30%. As a consequence, 4% of 
the events were rejected, the rejection rate being near- 
ly independent of the value of the total energy 

Details of the selected events in both the v and v 
films are displayed in tables 1 and 2, respectively. The 
contamination of hadronic events among the v, v and 
w events has been estimated by calculating the prob- 

* «Lv is the maximum allowed four-momentum transfer in 

* slid A 2 2 / 

a neutnno-nucleon collision: <7 max = 4E /(l+2£/Af) where 
M is the nucleon mass 
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Table 1 






















Neutrino 














£<GeV) 


1-2 


2-3 


3-4 


4-5 


5-6 


6-7 


7-8 


8-9 


9-10 


10 


v events 


723 


599 


324 


115 


74 


40 


32 


20 


26 


9 


vv events 


134 


197 


90 


64 


27 


21 


11 


9 


14 


5 


v events 


44 


24 


10 


9 


2 


3 


~ 


1 


1 


1 


Hadronic events 


78 


34 


13 


7 


5 


_ 


- 


- 


- 


- 


Estimated hadronic con- 
tamination in v events 


14.6 


5 3 


2.3 


- 


- 


1 2 


- 


~ 


- 


- 


Final total of v events 


842 


791 


411 


179 


101 


60 


43 


29 


40 


14 










Table 2 




















Antineutnno 














E(GtW) 


1-2 


2-3 


3-4 


4-5 


5-6 


6-7 


7-8 


8-9 


9-10 


10 


v events 


313 


280 


130 


69 


27 


12 


6 


0 


2 


1 


v events 


34 


24 


17 


4 


6 


- 


1 


- 


- 


- 


vv events 


42 


48 


28 


12 


8 


4 


4 


3 


- 


- 


Estimated v in vv events 


5.8 


8.7 


4.1 


2 


1.9 


- 


■0.24 


- 


- 


- 


Hadronic events 


44 


12 


5 


1 


1 


- 


- 


- 


- 


- 


Estimated hadronic con- 
tamination in ^events 


13 


5.5 


0.3 


1.5 


- 


- 


- 


- 


- 


- 


Final total of v events 


336 


314 


154 


78 


33 


16 


10 


3 


2 


1 



ability that a hadronic event can be assigned to any of 
these three categories. For neutrino events with 
E < 2 GeV, this contamination is found to be of the 
order of 2%; at higher energy, it becomes negligible. 

Since in the v beam the v flux is knwon to be small 
(~ 1%), all the w events observed in the v film have 
been considered as v events. In fact all the so-called v 
events observed in the v film are due to hadronic 
events in which one, or more positive hadrons leave 
the chamber without interacting. In the v film the 
number of v events among the w sample has been 
computed using the probability for a v event to be 
ambiguous, as determined from the v film. 

The neutrino flux and energy spectrum were deter- 
mined by measuring the muon radial flux distribu- 
tions at different depths in the steel shielding [2]. The 
method was improved over the previous CERN neutrino 
experiments in that the muon flux was monitored con- 
tinuously Furthermore the K to n production ratio 
has been measured extensively for 24 GeV protons in- 
cident on a Be target [2] , i.e. at an energy near the one 



of the protons used in the present experiment (26 
GeV). 

The estimated error in the v(v) spectra, 9% for 
energies ranging 2 to 6 GeV, is mainly due to the in- 
stabilities of the muon flux detectors, varying beam 
conditions and extrapolation from 24 to 26 GeV of 
the production data. Above 6 GeV, the error increases 
to approximately 12% due to uncertainties in the dif- 
ference of the 7t and K meson absorption in the target. 
Below 2 GeV, as the neutrinos mainly come from 
pions for which the production data are not available 
and the corresponding muon flux cannot be measur- 
ed, the neutrino flux can only be estimated by extra- 
polation. 

It should be noted that the ratio of the v and v 
spectra between 2 and 6 GeV is known to an accuracy 
of about 4%. 

The total cross sections for v and v are shown in 
fig. I. The cross-sections for the quasi-elastic processes: 



•j" + P, 



-U +n 
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TOTAL CROSS ■ SECTIONS 

Fig. 1. Total neutrino and antineutnno cross-sections as a 
function of energy. 

have also been determined, and are shown in fig. 2. 
For this analysis an elastic v event is de'fined as one 
containing a single if accompanied by not more than 
one proton of kinetic energy > 30 MeV. 

An elastic antineutrino event is defined as one con- 
taining a single ii + , no proton > 30 MeV and not more 
than one neutron > 30 MeV. A special scan assured 
that the scanning efficiency for this type of event 
was ~ 100%. 

As stated above the flux between 1-2 GeV is not 
known with precision. Above 2 GeV the measured 
value of both the v and v cross-sections are compatible 
with those expected using electromagnetic nucleon 
form-factors. 




2 e v G.V 
ELASTIC CROSS SECTIONS 

Fig. 2. Elastic neutrino and antineutrino cross-sections as a 
function of energy. 

The curves shown in fig. 2 are the best fits for the 
elastic cross-section corrected for nuclear effects [3] 
for energies above 2 GeV. 

From discrepancy of the neutrino elastic cross-sec- 
tion observed below 2 GeV, it is concluded that the 
extrapolation of the v flux in this region is incorrect. 
Therefore the total cross-section measurements be- 
low 2 GeV have been corrected using the observed dif- 
ference between the measured and expected elastic v 
cross-section. 

For the total v and v cross-section data in fig. 1 , 
best straight-lines have been fitted. In this fit account 
has been taken of the distortion expected for a linear- 
ly rising v, v cross section due to very rapidly falling 
v, v spectra and the measurement errors. The correc- 
tion is of the order of ± 3%, except at 6 GeV where 
the cross-section is over-estimated by 10%. The best 
linear fits to the cross-sections are shown in table 3. 



Table 3 

one parameter two parameter 
fit fit 

v (0.74±0.02)£ (O.70±O.07)£ + (0.14±0.18) 



E > 1 GeV 



£>2GeV 



H (0.28±0.01)£ (0.26±0.04)/7 + (0.05±0.09) 

v (0.74±0.03)£ (0.77±0.09)E- (0.11 ±0.25) 
v (0.27±0.01)£ (0.32±0.06)E-(0.13±0.17) 
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RATIO <J / * v 

Fig. 3 The ratio R = o(v)lo(v) of antineutnno to neutrino 
cross-sections as a function of energy. 



To the extent that the v and v cross-sections rise in an 
approximately linear fashion with energy, the data are 
consistent with the scaling hypothesis [4] which is well 
verified in the SLAC deep inelastic electron-nucleon 
scattering experiments [5] . 

Fig. 3 shows the ratio R t = o(v)/o(v) of antineu- 
trino to neutrino cross-sections as a function of energy 
E. Within the errors, R^ , is compatible with a constant 
independent of energy. The average are: 



i?! =0.37 ±0.02, 



E > 1 GeV, 
E > 2 GeV. 



Scaling also implies a linear energy dependence of the 
mean value of q 2 , called (q 2 ). Fig. 4 shows the mean 
value <<7 2 >. Fig. 4 shows the mean value (q 2 ) plotted 
against neutrino energy E, for events in the v and v 
film. The results of linear fits are: 

neutrino (q 2 ) = 0.12 ±0.03 +(0.23 ±0.01)/; 



£'>lGeV 



antineu- 

trino <<7 2 > = 0.09±0.03+(0.14±0.015)£ - 

neutrino <<? 2 > = (0.22±0.06)+(0.21 ±0.02)E 
antineu- £->2GeV. 

trino (q 2 ) = (0. 1 1 ± 0.08)+(0. 14 + 0.03 )E 

The error on the slope depends very little on pos- 
sible systematic errors in measuring the hadron energy 
in the events. For example, at E = 4 GeV, an 8% error 
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in E results only in a 2% error in q 2 and therefore in 
the slope of the line. 

The analysis of the energy transfer distributions 
(y) will be discussed in a forthcoming paper because 
it involves weighting procedures to take account of 
the 7r,jU ambiguities 

The foregoing results are now discussed in terms of 
the hypotheses of scale invariance and charge symme- 
try However it should first be emphasized that most 
of the events have rather low energy, and are not in 
the "deep-inelastic" region, where a 2 > M 2 and 
v >M (v is the energy transfer, E-E ' ), which are the 
conditions for scaling, as observed in the SLAC elec- 
tron scattering experiments. 

The scaling region cross-sections have the form: 

d 2 o"- y ~ G 2 ME U , ._ , , 
1 ^T^-[(1->')F 2 « 

+^[2xF,(x)] *y(\-^)xF 3 (x)], 

where x=q 2 /2Mv and y = v/E are dimensionless vari- 
ables. For an equal number of neutron and proton 
targets, as is approximately true in the heavy liquid 
employed in the experiment, the hypothesis of charge 
symmetry of A5 = 0 weak processes results in the 
same values of the structure functions F, for neutrinos 
and antineutrinos. 

Experimentally, the cross-section ratio R^ is close 
to the lowest bound allowed by scaling and charge 
symmetry i.e. 1/3. For this reason it is possible to ob- 
tain stringent bounds for ratios of the structure func- 
tions. In the case of A =f2xF { (x) dx/fF^ix) dx the 
bounds are: 



(0.87 + 0.05) = 



3 -3tf 



l + 3« 



<^<1. 



This is in agreement with the Callan-Gross relation [6] 
as well as with the value found in the SLAC electro- 
production experiments [5] . In terms of the parton 
model, a ratio equal to unity would imply partons of 
spin 1/2 only. 

A similar bound can be obtained for the interfer- 
ence term, denoted by B= — f x F^{x) dx/ f F2(x)dx , 
of- 



(0.90 ±0 04) = 



2(3- 



3 + 3.R 



3*i ) (3 

— — >B> 



-3*,) 



1 +3R 



= (0.87 + 0.05). 
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Fig. 4. (a) The mean value (q 2 ) versus energy for neutrino interactions, (b) The mean value <q 2 > versus energy for antineutnno 
interactions. 



The left limit is valid if one assumes the integrated 
Callan-Gross relation, i.e. A =1. The fact that fi is close 
to unity implies that parity is violated almost maximal- 
ly- 

Without making any additional assumptions scaling 
and charge symmetry can be tested by considering the 
average values <xy) v and (xy)$. The positivity condi- 
tions for the absorption of left, righthanded or scalar 
currents by the nucleon imply the following inequali- 
ties [7] : 

5(.l+R 1 )>l6{(xy) v -R l <xy)f) 

7(l+tfj)> 16 «*}>>„ +«,<*?>„-) 
36 <xy>„ >6R y <xy) ff > (xy)„ 
3$(3R 1 -l) + 32{xy) v >\92R l {xy) ir . 
As<? 2 /£'> = 2M(xy), the (q 2 ) versus E plots give: 
0o>>„ = 0.12 ±0.01 
<xy> ? = 0.07 ±0.01. 

Hence, as the four above inequalities are satisfied by 
these experimental values, there is no indication of a 
violation of charge symmetry. 

In addition assuming the local Callan-Gross relation 
2xF\ (x) = ^C*) '' can b e shown that 
<xy V 7 - SB' 

R 2 =- 



(xy^ RiO + 5B') 



where 



B' = -Jx(xF 3 {x))AxjjxF 1 {x)Ax. 

Experimentally 

B' = 0.87 + 0.08. 

The ratios B andfi' are expected to be equal if 
(xF${x)) and F 2 (x) have the same functional ^-depen- 
dence. The fact that B and B' are equal within the er- 
rors is compatible with this. 

The value for the integral / ^(x) Ax can be deter- 
mined from the relation: 



G 2 ME 



J> 2 (x)dx(!B), 



to be 

0.49 ±0.03 </f 2 (x) Ax < 0.51 ±0.03. 

In the parton model this integral is interpreted as the 
relative momentum carried by isovector partons 

JF 2 (x) Ax = Jx (U + D + U + 5 ) Ax, 

where U, D, U, D are the isospin "up" and isospin 
"down" parton and antiparton momentum distribu- 
tion functions in the proton. Therefore approximately 
50% of the nucleon momentum is carried by either iso- 
scalar partons or gluons. 

The contribution of antipartons (isovector) can be 
estimated by means of the following relation [8] 

¥§T^¥ < I (3^-1) = 0.05 ±0.02. 
fx(U + D)Ax 8V l ' 
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New forms of matter, 1974-1976. 

In November 1974, Burton Richter at SLAC and Samuel Ting at Brookhaven were leading 
two very different experiments, one studying e + e~ annihilation, the other the e + e~ pairs 
produced in proton-beryllium collisions. Their simultaneous discovery of a new reso- 
nance with a mass of 3.1 GeV so profoundly altered particle physics that the period is 
often referred to as the "November Revolution." Word of the discoveries spread throughout 
the high energy physics community on November 1 1 and soon much of its research was 
directed towards the new particles. 

Ting led a group from MIT and Brookhaven measuring the rate of production of e + e~ 
pairs in collisions of protons on a beryllium target. The experiment was able to measure 
quite accurately the invariant mass of the e + e~ pair. This made the experiment much 
more sensitive than an earlier one at Brookhaven led by Leon Lederman. That exper- 
iment differed in that /x + /x~ pairs were observed rather than e + e~ pairs. Both these 
experiments investigated the Drell-Yan process whose motivation lay in the quark-parton 
model. 

The Drell-Yan process is the production of e + e~ or /x -1- // - pairs in hadronic collisions. 
Within the parton model, this can be understood as the annihilation of a quark from one 
hadron with an antiquark from the other to form a virtual photon. The virtual photon mate- 
rializes some fraction of the time as a charged-lepton pair. 

The e-pair and //-pair approaches to measuring lepton-pair production each have advan- 
tages and disadvantages. Because high-energy muons are more penetrating than high- 
energy hadrons, muon pairs can be studied by placing absorbing material directly behind 
the interaction region. The absorbing material stops the strongly interacting it s, K s, and 
protons, but not the muons. This technique permits a very high counting rate since the 
muons can be separated from the hadrons over a large solid angle if enough absorber 
is available. The momenta of the muons can be determined by measuring their ranges. 
Together with the angle between the muons, this yields the invariant mass of the pair. Of 
course, the muons are subject to multiple Coulomb scattering in the absorber, so the resolu- 
tion of the technique is limited by this effect. The spectrum observed by Lederman's group 
fell with increasing invariant mass of the lepton pair. There was, however, a shoulder in the 
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spectrum between 3 and 4 GeV that attracted some notice, but whose real significance was 
obscured by the inadequate resolution. 

By contrast, electrons can be separated from hadrons by the nature of the showers they 
cause or by measuring directly their velocity (using Cherenkov counters), which is much 
nearer the speed of light than that of a hadron of comparable momentum. The Cherenkov- 
counter approach is very effective in rejecting hadrons, but can be implemented easily only 
over a small solid angle. As a result, the counting rate is reduced. Ting's experiment used 
two magnetic spectrometers to measure separately the e + and e~ . The beryllium target 
was selected to minimize multiple Coulomb scattering. The achieved resolution was about 
20 MeV for the e + e~ pair, a great improvement over the earlier /x-pair experiment. The 
electrons and positrons were, in fact, identified using Cherenkov counters, time-of-flight 
information, and pulse height measurements. 

In the early 1970s Richter, together with his co-workers, fulfilled his long-time ambi- 
tion of constructing an e + e~ ring, SPEAR, at SLAC to study collisions in the 2.5 to 
7.5 GeV center-of-mass energy region. Lower energy machines had already been built at 
Novosibirsk, Orsay, Frascati, and Cambridge, Mass. Richter himself had worked as early as 
1958 with Gerard O'Neill and others on the pioneering e~e~ colliding-ring experiments at 
Stanford. 

To exploit the new ring, SPEAR, the SLAC team, led by Richter and Martin Perl, 
and their LBL collaborators, led by William Chinowsky, Gerson Goldhaber, and George 
Trilling built a multipurpose large-solid-angle magnetic detector, the SLAC-LBL Mark I. 
The heart of this detector was a cylindrical magnetostrictive spark chamber inside a 
solenoidal magnet of 4.6 kG This was surrounded by time-of-flight counters for particle 
velocity measurements, shower counters for photon detection and electron identification, 
and by proportional counters embedded in iron absorber slabs for muon identification. 

What could the Mark I Collaboration expect to find in e + e~ annihilations? In the quark- 
parton model, since interactions between the quarks are ignored, the process e + e~ — ► qq 
is precisely analogous to e + ~e~ "— ► /x + fi~ ', except that the charge of the quarks is either 2/3 
or —1/3 and that the quarks come in three colors, as more fully discussed in Chapter 10. 
Thus the ratio of the cross section for annihilation into hadrons to the cross section for 
the annihilation into muon pairs should simply be three times the sum of the squares of 
the charges of the quarks. This ratio, conventionally called R, was in 1974 expected to be 
3[(— 1/3) 2 + (2/3) 2 + (— 1/3) 2 ] = 2 counting the u, d, ands quarks. In fact, measurements 
made at the Cambridge Electron Accelerator (CEA) found that R was not constant in the 
center-of-mass region to be studied at SPEAR, but instead seemed to grow to a rather large 
value, perhaps 6. The first results from the Mark I detector confirmed this puzzling result. 

In 1974, Ting, Ulrich Becker, Min Chen and co-workers were taking data with their 
pair spectrometer at the Brookhaven AGS. By October of that year they found an e + e~ 
spectrum consistent with expectations, except for a possible peak at 3.1 GeV. In view of 
the as-yet-untested nature of their new equipment, they proceeded to check and recheck 
this effect under a variety of experimental conditions and to collect more data. 

During this same period, the Mark I experiment continued measurements of the anni- 
hilation cross section into hadrons with an energy scan with steps of 200 MeV. Since no 
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abrupt structure was anticipated, these steps seemed small enough. The data confirming 
and extending the CEA results were presented at the London Conference in June 1974. 

The data seemed to show a constant cross section rather than the \/s behavior antic- 
ipated. (In the quark-parton model, there is no dimensionful constant, so the total cross 
section should vary as 1/.? on dimensional grounds.) In addition, the value at center-of- 
mass energy 3.2 GeV appeared to be a little high. It was decided in June 1974 to check 
this by taking additional data at 3.1 and 3.3 GeV. Further irregularities at 3.1 GeV made 
it imperative in early November, 1974, before a cross section paper could be published, to 
remeasure this region. Scanning this region in very small energy steps revealed an enor- 
mous, narrow resonance. The increase in the cross section noticed at 3.2 GeV was due to 
the tail of the resonance and the anomalies at 3.1 GeV were caused by variations in the 
precise energy of the beam near the lower edge of the resonance, where the cross section 
was rising rapidly. 

By Monday, November 1 1 (at which time the first draft of the \fr paper was already 
written) Richter learned from Sam Ting (who too had a draft of a paper announcing the 
new particle) about the MIT-BNL results on the resonance (named J by Ting ), and vice 
versa. Clearly, both experiments had observed the same resonance. Word quickly reached 
Frascati, where Giorgio Bellettini and co-workers managed to push the storage ring beyond 
the designed maximum of 3 GeV and confirmed the discovery. Papers reporting the results 
at Brookhaven, SLAC, and Frascati all appeared in the same issue of Physical Review 
Letters (Refs. 9.1, 9.2, 9.3). 

That the resonance was extremely narrow was apparent from the e + e~ data, which 
showed an experimental width of 2 MeV This was not the intrinsic width, but the result of 
the spread in energy of the electron and positron beams due to synchrotron radiation in the 
SPEAR ring. Additionally, the shape was spread asymmetrically by radiative corrections. 
If the natural width is much less than the beam spread, the area under the cross section 
curve 

Area = dE a (9.1) 

is nearly the same as it would be in the absence of the beam spread and radiative cor- 
rections. The intrinsic resonance cross section is of the usual Breit-Wigner form given in 
Chapter 5 



2/ + 1 7T r,-„r our 

(25i + 1)(2S 2 + 1) ~W m (E - £ 0 ) 2 + r r 2 0 ,/4' 



(9.2) 



where the incident particles have spin S\, St — 1/2 and momentum p cm «s M^/2 — Eq/2. 
If the observed cross section is that for annihilation into hadrons, then r ou , = Tj xa d, the 
partial width for the resonance to decay into hadrons, while r,„ = T ee is the electronic 
width. Assuming that the observed resonance has spin J — 1, we find by integrating the 
above, 



6jt 2 T ee T had 
Area — — —^ • (9.3) 

tot 



Mir, 
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The area under the resonance curve measured at SPEAR is about 10 nb GeV. If we 
assume T) wt j «s T tot and use the measured mass, M-j, =3.1 GeV, we find Y ee « 4.2 
keV. The accepted value is 5.55 keV. Subsequent measurements of the branching ratio into 
electron pairs (« 7%) led to a determination of the total width of between 60 and 70 keV, 
an astonishingly small value for a particle with a mass of 3 GeV. 

Spurred by these results and theoretical predictions of a series of excited states like 
those in atomic physics, the SLAC-LBL Mark 1 group began a methodical search for other 
narrow states. It turned out to be feasible to modify the machine operation of SPEAR 
so that the energy could be stepped up by 1 MeV every minute. Ten days after the first 
discovery, a second narrow resonance was found (Ref. 9.4). The search continued, but no 
comparable resonances were found up to the maximum SPEAR energy of 7.4 GeV. The 
next such discovery had to wait until Lederman's group, this time at Fermilab and with 
much-improved resolution, continued their study of muon pairs into the 10 GeV region, as 
discussed in Chapter 11. 

The discovery of the i/ r (3096) and its partner, i/r' or i/r(3685) was the beginning of a 
period of intense spectroscopic work, which still continues. The spin and parity of the x/r s 
were established to be J p — 1~ by observing the interference between the i/r and the 
virtual photon intermediate states in e + e~ — > fi + fj,~ . The G-parity was found to be odd 
when the predominance of states with odd numbers of pions was demonstrated. Since C 
was known to be odd from the photon interference, the isospin had to be even and was 
shown to be nearly certainly 1 = 0. Two remarkable decays were observed quite soon 
after, x/r' — > \\rifJt and xjr' — > xj/rj. Figure 9.1 shows a particularly clean \\r' — s* \jf7t7t decay 
with iff — > e + e~ . 

Prior to the announcement of the i/f , Tom Appelquist and David Politzer were investi- 
gating theoretically the binding of a charmed and an anticharmed quark, then hypothetical. 




Figure9.1. An example of the decay i// — > i//7t + 7t~ observed by the SLAC-LBL Mark I Collabora- 
tion. The crosses indicate spark chamber hits. The outer dark rectangles show hits in the time-of-flight 
counters. Ref. 9.5. 
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They found that QCD predicted that there would be a series of bound states with very 
small widths, analogous to the e + e~ bound states known as positronium. The cc bound 
states immediately became the leading explanation for the rjr and this interpretation was 
strengthened by the discovery of the \j/' . The \jf was seen as the lowest s-wave state with 
total spin equal to one. In spectroscopic notation it was the ]?S\. The \jf' was the next 
lowest spin-triplet, the s-wave state 2 3 5i. 

The analogy between the cc bound states and positronium was striking. The two lowest 
energy states of positronium are the 'Si and the So- The former has C — —I and the 
latter C — + 1 . It is this difference that first enabled Martin Deutsch to find experimental 
evidence for positronium in 1951. Because the triplet state has odd charge conjugation, it 
cannot decay into two photons like the charge-conjugation-even singlet state. As a conse- 
quence it decays into three photons and has a much longer lifetime. With detailed lifetime 
studies, Deutsch was able to find evidence for a long-lived species. QCD required that the 
triplet state of cc decay into three gluons, the quanta that bind the quarks together, while 
the singlet state could decay into two gluons. Again, this meant that the triplet state should 
be longer lived, that is, should have a narrow width. 

In the nonrelativistic approximation, we can describe the cc system by a wave function, 
<j)(r), satisfying a Schrodinger equation for some appropriate potential. The partial width, 
T(i/f — »■ e + e~), is related to the wave function at zero separation, 0(0). The relation is 
obtained from the general prescription for a reaction rate, T — apv, where Y is the reaction 
rate, a the cross section, v is the relative velocity of the colliding particles and p is the 
target density. In this application p — |</>(0)| 2 . For the cross section we use the low energy 
limit of the process cc — > e + e~, 

2jra 2 el 
a = 3 x — - — i, (9.4) 

Ps 

where a is the fine-structure constant (« 1/137), ft is the velocity of the quark or antiquark 
in the center-of-mass frame, s is the center-of-mass energy squared (« M 2 ,), and e q is 
the charge of the quark measured in units of the proton's charge. A factor of 3 has been 
included to account for the three colors. The above cross section is averaged over the 
quark spins. The i/f is in fact a spin-triplet. The spin-singlet state has C — + 1 and cannot 
annihilate through a virtual photon into e + e~. Since the cross section in the spin-singlet 
state is zero, the cross section in the spin-triplet state is actually 4/3 times the spin-averaged 
cross section. Noting that the relative velocity, v, is 2/3, we have 

4 2Tza 2 el 

T{f -+ e+O = -x3x ^- ■ 2 y 6|</>(0)| 2 (9.5) 

3 pM^ 

l67Ta 2 el , 

- — 2 ' |0(O)| 2 - (9.6) 



The nonrelativistic model predicted that between the s-wave x/r and xjr' there would 
be a set of p-wave states. The spin-triplet states, 3 P, would have total angular momen- 
tum J — 2, 1, or 0. The spin-singlet state, l P, would have total angular momentum 



252 9. The J/i/r, the x, and Charm 

7 = 1. For a fermion-antifermion system the charge conjugation quantum number is 
C — (-l) L+s , while the parity is P — (-1) L+1 . Thus the 3 P2,i,o states would have 
J PC — 2 ++ , 1 ++ , 0 ++ , while the Pi state would have J PC — 1 H . The ijr' was expected 
to decay radiatively to the C-even states, which are now denoted / (thus \j/' — ► y/). Such 
a transition was first observed at the PETRA storage ring at DESY in Hamburg by the 
Double Arm Spectrometer (DASP) group (Ref. 9.6). Evidence for all three / states was 
then observed by the SLAC-LBL group with the Mark I detector, both by measuring the 
two photons ini/f' —*■ XY< X ~ * VT ar, d by detecting the first photon and a subsequent 
hadronic decay of the / that was fully reconstructed. 

The complete unraveling of these states took several years and was culminated in the 
definitive work of the Crystal Ball Collaboration, led by Elliott Bloom (Ref 9.7). Their 
detector was designed to provide high spatial and energy resolution for photons using 672 
Nal crystals. A particularly difficult problem was the detection of the anticipated s-wave, 
spin-singlet states, 1 ' So and 2 1 So (denoted r\ c and r\' c ) that were expected to lie just below 
the corresponding spin-triplet states, l 3 Si and 2 S\. Since these states have C — +1 and 
J — 0, they cannot be produced directly by e + e~ annihilation through a virtual photon. 
Instead, they must be observed in the same way as the / states, through radiative decays of 
the i/f and \jr' . The transitions are suppressed by kinematical and dynamical factors. They 
were identified only after a long effort. 

In the simplest nonrelativistic model for the interaction between the charmed and 
anticharmed quarks, the potential is taken to be spin independent. In this approximation, 
the four p-states are degenerate, with identical radial wave functions. The E\ transitions, 
iff' — >• yx thus would occur with rates proportional to the statistical weights of the final 
states, Po,l,2> i- e > 1 : 3 : 5. In fact, as a result of spin-dependent forces, the splittings 
between the p-states are significant, so a better approximation is obtained by noting that 
the El rates are proportional to <w 3 , where to is the photon energy in the i/r' rest frame, 

M 2 ,, -Ml 
co=^ x (9.7) 

2M r 

If, for the masses of the ip-' , X2, Xl> X0 we ta ke the measured values, 3.686, 3.556, 
3.510, and 3.415 GeV, respectively, we find m 2 = 0.128 GeV, co\ = 0.172 GeV, and 
&>o = 0.261 GeV and the ratios 

5 x (0.128) 3 : 3 x (0.172) 3 : 1 x (0.261) 3 = 1 : 1.46 : 1.70. (9.8) 

The 2008 edition of the Review of Particle Physics gives branching ratios for iff' — > 
YX2,l,0 of 8.3 ± 0.4%, 8.8 ± 0.8%, and 9.4 ± 0.4%, in fair agreement with the above 
estimates. 

It was during the exciting period of investigation of the if,ir', and / states that Martin 
Perl and co-workers of the SLAC-LBL group made a discovery nearly as dramatic as 
that of the tjr. Carefully sifting through 35,000 events, they found 24 with a /x and an 
opposite sign e, and no additional hadrons or photons. They interpreted these events as 
the pair production of a new lepton, t, followed by its leptonic decay (Ref. 9.8). The 
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Figure 9.2. Left: The cross section from e + e~ annihilation into candidates for r leptons, as a func- 
tion of center-of-mass energy, as measured by the DASP Collaboration. The threshold was deter- 
mined to be very near 2 x 1800 MeV, that is, below the ^(3685) (Ref. 9.9). Right: Similar results 
from the DESY-Heidelberg group which give 1787_,o MeV for the mass of the r. The curves shown 
are for a spin-1/2 particle [W. Bartel et ah, Phys. Lett. B77, 331 (1978)]. 
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Figure 9.3. The production of anomalous two-prong events as a function of the center-of-mass 



+4 



energy, as determined by DELCO. These candidates for r s yielded a threshold of 3564_, , MeV, i.e. 

_i_2 
a mass of 1782_ ? . The threshold behavior confirmed the spin-1/2 assignment. (Ref. 9.10) 



leptonic decays were r — »■ evv and r — > /xvv. Figure 9.2 shows results obtained by 
the DASP Collaboration, using a double arm spectrometer, and by the DESY-Heidelberg 
Collaboration at the DORIS storage ring at DESY. Figure 9.3 show results from DELCO, 
the Direct Electron Counter at SPEAR. These established the spin and mass of the r. 

The decay r — > evv is exactly analogous to the decay /i — >• evv. In both cases we can 
ignore the mass of the final state leptons. The decay rate for the /x is proportional to the 
square of the Fermi constant, G 2 F , which has dimension [mass] -4 . The decay rate for the 



254 9. The J/i/r, the x, and Charm 

[i must then be proportional torn' We expect then 

T(t ->■ evv) = (m T /m M ) 5 r(/z -» evv) = 6x 10 11 s" 1 . (9.9) 

The measured lifetime of the r is about 3.0 x 10~ 13 s and the branching ratio into evv is 
near 18%. Combining these gives a partial rate for r — *■ evv of roughly 6 x 10 11 s _1 , in 
good agreement with the expectation. 

Within a very short time, two new fundamental fermions had been discovered. The inter- 
pretation of the \j/ as a bound state of a charmed quark and a charmed antiquark was backed 
by strong circumstantial evidence. What was lacking was proof that its constituents were 
indeed the charmed quarks first proposed by Bjorken and Glashow. As Glashow, Iliopou- 
los, and Maiani showed in 1970, charmed quarks were the simplest way to explain the 
absence of neutral strangeness-changing weak currents. 

Until 1973 only weak currents that change charge had been observed. For example, 
in p decay, the p turns into v jx , and its charge changes by one unit. The neutral weak 
current, which can cause reactions like vp —> vp, as discussed in Chapter 12, does not 
change strangeness. If strangeness could be changed by a neutral current, then the decays 
K° — > p + p~ and K + — > it + e + e~ would be possible. However, very stringent limits 
existed on these decays and others requiring strangeness-changing neutral weak currents. 
So restrictive were these limits that even second order weak processes would violate them 
in the usual Cabibbo scheme of weak interactions. Glashow, Iliopoulos, and Maiani showed 
that if in addition to the charged weak current changing an s quark into a u quark, there 
were another changing an s quark into a c quark, there would be a cancellation of the 
second order terms. 

Consider the decay K® —> p + p~ for which the rate was known to be extremely small. 
The decay can proceed through the diagrams shown in Figure 9.4. Aside from other factors, 
the first diagram is proportional to sin % from the us W vertex and to cos 9q from the udW 
vertex. Here, W stands for the carrier of the weak interaction mentioned in Chapter 6 and 
discussed at length in Chapter 12. 

The result given by this diagram alone would imply a decay rate that is not suppressed 
relative to normal K decay, in gross violation of the experimental facts. The proposal of 
Glashow, Iliopoulos, and Maiani was to add a fourth quark and correspondingly a second 
contribution to the charged weak current, which would become, symbolically, 

u(cos6cd + sm6rs) + c(—sm6rd + cos6cs) — ( u c ) I . „ „ I I I ■ 

v ' \ —sin 6c cos&c ) \ s ) 

(9.10) 

Thus the Cabibbo angle would be simply a rotation, mixing the quarks d and s. Now when 

the K® —>■ p + p~ is calculated, there is a second diagram in which a c quark appears 

in place of the u quark. This amplitude has a term proportional to — sin6>ccos#c:> just 

cancelling the previous term. The surviving amplitude is higher order in Gf and does not 

conflict with experiment. The seminal quantitative treatment of this and related processes 

was given by M. K. Gaillard and B. W. Lee, who predicted the mass of the charmed quark 

to be about 1 .5-2 GeV, in advance of the discovery of the iff ! 
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Figure 9.4. Two contributions to the decay K^ — ► /ot + /x _ showing the factors present at the quark 
vertices. If only the upper contribution were present, the decay rate would be far in excess of the 
observed rate. The second contribution cancels most of the first. The cancellation would be exact 
if the c quark and u quark had the same mass. This cancellation is an example of the Glashow- 
Iliopoulos-Maiani mechanism. 



As is described in Chapter 12, the discovery of strangeness non-changing neutral weak 
currents in 1973 made much more compelling the case for a unified theory of electromag- 
netism and weak interactions. The charmed quark was essential to this theoretical structure 
and the properties of the new quark were well specified by the theory. If the i/r was a bound 
state of a charmed quark and a charmed antiquark, there would have to be mesons with the 
composition cu and cd, etc., that were stable against strong decays. The weak decay of a 
particle containing a c quark would yield an s quark. Thus the decay of a D + (— cd) could 
produce a K~ (= su) but not a K + (=su). 

There were a number of hints of charm already in the literature. K. Niu and collaborators 
working in Japan observed several cosmic-ray events in emulsion in which a secondary 
vertex was observed 10 to 100 \±m from the primary vertex. These may have been decays 
of a particle with a lifetime in the 10~ 12 to 10~ 13 s range, just the lifetime expected for 
charmed particles. Nicolas Samios and Robert Palmer and co-workers, in a neutrino expo- 
sure of a hydrogen bubble chamber at Brookhaven, observed a single event that could have 
been a charmed baryon. See Figure 9.5. In other neutrino experiments, events with a pair of 
muons in the final state had been observed (Figure 9.6). These would be expected from pro- 
cesses in which the incident neutrino changed into a muon through the usual charged weak 
current and a strange quark was transformed into a charmed quark, again by the charged 
weak current. For that fraction in which the charmed particle decay produced a muon, two 
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Figure 9.5. The event obtained in a neutrino exposure of the 7-ft hydrogen bubble chamber 
at Brookhaven that gave evidence for a charmed baryon. The overall reaction was most likely 
vp -*■ fi~ A jr + jt + 7t + 7t~ . The most probable assignments are shown in the sketch on the right. 
This violates the AS — AQ rule. Such a violation can be understood if the process were really 
vp -*■ Kj /i", followed by the strong decay S^ — > A^it + . In the quark model E^ = uuc 
and A~^ — udc. The decay of the A 7" to A 7r + 7r + jr - accounts for the violation of the AS — AQ 
rule and is in accord with the pattern expected for charm decay. The mass of the Ec was measured 
to be 2426 ± 12 MeV. There were three possible choices for the pions to be joined to the A 0 . Of 
these, one gave a mass splitting between the S^~ and the AJ~ of about 166 MeV, which agreed with 
the theoretical expectations [E. G. Cazzoli et at, Phys. Rev. Lett. 34, 1125 (1975), figure courtesy 
N. Samios, Brookhaven National Laboratory]. 



muons would be observed in the final state, and they would have opposite charges. The 
evidence for a new phenomenon, perhaps charm, was accumulating. 

The SLAC-LBL Mark I detector at SPEAR and the corresponding PLUTO and DASP at 
DESY were the leading candidates to produce convincing evidence for charmed particles. 
The rise in the e + e~ annihilation cross section near a center-of-mass energy of 4 GeV 
strongly suggested that the threshold must be in that vicinity. The narrowness of the \[r' 
indicated that the threshold must be above that mass since the \j/' would be expected to 
decay rapidly into states like cu and uc if that were kinematically possible. 

Despite advance knowledge of the approximate mass of the charmed particles and their 
likely decay characteristics, it took nearly two years before irrefutable evidence for them 
was obtained. The task turned out to be quite difficult because there were many different 
decay modes, with each having a branching ratio of just a few percent. 
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Figure 9.6. Early evidence for charm from opposite-sign dileptons observed in neutrino experiments 
at Fermilab. Left, one of fourteen events observed by the Harvard-Penn-Wisconsin Collaboration 
[A. Benvenuti et al., Phys. Rev. Lett. 34, 419 (1975)]. Right, a similar event, one of eight seen by the 
Caltech-Fermilab Collaboration [B. C. Barish et al, Phys. Rev. Lett. 36, 939 (1976)]. In addition, 
four events containing fi~e + C were observed in the 15-ft bubble chamber at Fermilab [J. von 
Kroghe/o/., Phys. Rev. Lett. 36, 710 (1976)] and two such events were seen in the Gargamelle bubble 
chamber at CERN [J. Blietschau et al, Phys. Lett. 60B, 207 (1976)]. 



Ultimately, the SLAC-LBL Mark I group did succeed in isolating decays like D° — > 
K-JT+ and D° -± K-7t-jt + 7r + (Ref. 9.11), and soon after, D+ -± K-jz + tt + 
(Ref. 9.12). See Figure 9.7. Overwhelming evidence was amassed identifying these new 
particles with the proposed charmed particles. Their masses were large enough to forbid 
the decay of the ij/' into a DD pair. The particles came in two doublets, (D + , D°) and 
(D , D~), corresponding to cd, cm and cu, cd. The decay mode D + — > K~jz + tc + was 
seen, but D + — > K + tt~tt + was not. It was possible to infer decay widths of less than 
2 MeV, indicating that the decays were unlikely to be strong. The Z)' s shared some 
properties of the K's. They were pair-produced with a particle of equal or greater mass, 
indicating the existence of a quantum number conserved in strong and electromagnetic 
interactions. In addition, their decays were shown to violate parity. Both nonleptonic 
and semileptonic decays were observed. The Cabibbo mixing in the four-quark model 
called for decays c —>■ d, suppressed by a factor roughly sin 2 Qq % 5%. These, too, were 
observed in D° — > 7t + it~ and D° — > K + K~ . See Figure 9.8. 

Further discoveries conformed to the charmed quark hypothesis. A set of partners about 
140 MeV above the first states was found, with decays like D* + -^ D°jt + (Ref. 9.13). 
See Figure 9.9. These decays were strong, the analogs of K* — > Kir. Moreover, the spins 
of the D and D* were consistent with the expected assignments, pseudoscalar and vector, 
respectively. Detailed studies of the charmed mesons were aided enormously by the dis- 
covery by the Lead Glass Wall collaboration of a resonance just above the charm threshold 
(Ref. 9.14), shown in Figure 9.10. The resonance, i/c (3772), is primarily a d-wave bound 
state of cc with some mixture of 3 5i. The bound state decays entirely to DD. The i/r(3772) 
is thus a D-meson "factory" and has been the basis for a continuing study of charmed 
mesons. 
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INVARIANT MASS (OeV/c 2 ) 

Figure 9.7. Invariant mass spectra for (a) K^n it and (b) K^7t + ir~. Only the former figure 
shows a peak, in agreement with the prediction that D + decays to K~ji + ti + , but not A^ + 7r _ 7r + . 
(Ref.9.12) 



The quark model requires that in addition to charmed mesons, there must be charmed 
baryons, in which one or more of the first three quarks are replaced by charmed quarks. Evi- 
dence for charmed baryons accumulated from a variety of experiments including neutrino 
bubble chamber experiments at Brookhaven and Fermilab, a photoproduction experiment 
at Fermilab, a spectrometer experiment at the CERN Intersecting Storage Ring (ISR), and 
the work of the Mark II group at SPEAR. The lowest mass charmed baryon has the compo- 
sition udc and is denoted A+ . It has been identified in decays to Ajt + jt + 7T~ , Att + , pK®, 
and pK~it + . In agreement with the results for meson decays, the decay of the charmed 
baryon yielded negative strangeness. 

The strange-charmed meson with quark composition cs was even harder to find than the 
D. At first called the F + and now indicated Df , it was observed by the CLEO detector 
at Cornell, by the ARGUS detector at DORIS (located at DESY), and by the TPC and 
HRS at PEP (located at SLAC). Evidence for this particle is shown in Figure 9.11. The 
F* or D* was also identified by TASSO at PETRA and the TPC, as well as the Mark III 
detector at SPEAR. It decays electromagnetically, D* — > D s y. While the mass splitting 
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Figure 9.8. Examples of Cabibbo-suppressed decay modes of charmed mesons observed at the 



VK3772). Left: D h 



and D — ► K + K as well as the Cabibbo-allowed decay to K^n . 



The data are from the Mark II experiment [G. S. Abrams et al, Phys. Rev. Lett. 43, 481 (1979)]. 
Right: D + -*■ K K + as well as the Cabibbo-allowed mode D + -*■ Kjt + from the Mark III experi- 
ment [R. M. Baltrusaitis et al, Phys. Rev. Lett. 55, 150 (1985)]. For the suppressed modes, two peaks 
are observed. The one near 1865 MeV is the signal while the other is due to K/tz misidentification. 



is possibly large enough to permit D* — > D s n , this decay is suppressed by isospin 
conservation. 

The lifetimes of the charmed mesons D , D + , and Df as well as the charmed baryon 
A c and the r lepton are all in the region 10~ 13 s to 10~ 12 s and hence susceptible to direct 
measurement. The earliest measurements used photographic emulsions, with cosmic rays 
or beams at Fermilab or CERN providing the incident particles. This "ancient" technique is 
well suited to the few micron scale dictated by the small lifetimes. Studies were also con- 
ducted using special high resolution bubble chambers at CERN and SLAC. The required 
resolution was also achieved with electronic detectors at e + e~ machines with the devel- 
opment of high precision vertex chambers pioneered by Mark II and later by MAC and 
DELCO at PEP, and TASSO, CELLO, and JADE at PETRA. The development returned 
the focus to hadronic machines where the production rate of charmed particles far exceeds 
that possible at e + e~ machines. The detection with the requisite precision is achieved with 
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Figure 9.9. Data for D n + with D — >• K~jt + . The abscissa is the difference between the Djt 
mass and the D mass. There is a clear enhancement near 145 MeV (G. J. Feldman et ah Ref. 9.13). 
The very small Q value for the D* + decay, 5.88 ± 0.07 MeV, has become an important means of 
identifying the presence of a D* + in high energy interactions. The data for D jt + , a combination 
with the wrong quantum numbers to be a quark-antiquark state, show no enhancement. 
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Figure 9.10. The 1^(3772) resonance is broader than the 1^(3096) and i/f (3684) because it can decay 
into DD. P. A. Rapidis et al, (Ref. 9.14). 
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Figure 9.11. On the left, observation of the decay D] 




n + by CLEO. In (a) only events in which 



the K + K~ invariant mass is consistent with the mass of the <f> are plotted. In (b) only K + K~n 
events not containing a 4> are shown [A. Chen et al, Phys. Rev. Lett., 51, 634 (1983)]. On the right, 
observation of the decay £>+ ->■ K*°K + by ARGUS. In (a) only events with K~n + in the K*° 



band are shown. In (b) only events without a K 
179B, 398(1986)]. 



:>() 



are shown [ARGUS Collaboration, Phys. Lett. 



silicon microstrips. Experiments carried out at CERN and Fermilab achieved remarkable 
results, which required the analysis of 10 8 events in order to isolate several thousand charm 
decays. 

Some of the lifetime measurements have relied on reconstructed vertices, others on 
impact parameters of individual tracks, as first employed in jt° lifetime studies (Ref. 2.7). 
Figure 9.12 shows the photoproduction of a pair of charmed mesons from the SLAC Hybrid 
Facility Photon Collaboration. Both decay vertices are plainly visible. In the same figure a 
computer reconstruction of a digitized bubble chamber picture from LEBC at CERN, with 
an exaggerated transverse magnification, is shown. Again, pair production of charmed par- 
ticles is demonstrated. Exponential decay distributions for charmed mesons obtained using 
a tagged photon beam at Fermilab are displayed in Figure 9.13. 

The discoveries of the ip-, r, and charm were pivotal events. They established the real- 
ity of the quark structure of matter and provided enormous circumstantial evidence for 
the theoretical view dubbed "The Standard Model," to be discussed in Chapter 12. The r 
pointed the way to the third generation of matter, which is discussed in Chapter 1 1 . 
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Figure 9.12. Left: A bubble chamber picture of the production and decay of a charged charmed 
particle and a neutral charmed particle. The charged particle decays into three tracks at 0.86 mm and 
the neutral decays after 1.8 mm. The quantities d ma .x and dj, the largest and second largest impact 
distances were used in the lifetime calculations. The incident photon beam {E max = 20 GeV) was 
obtained by Compton scattering of laser light off high energy electrons at SLAC [K. Abe et al. , Phys. 
Rev. Lett. 48, 1526 (1982)]. Right: A computer reconstruction of a digitized bubble chamber picture. 
The transverse scale is exaggerated. The production vertex is at A. A charged charmed particle decays 
at Ci and a neutral charmed particle at V2. The picture was obtained with LEBC (Lexan Bubble 
Chamber) at CERN using a 360-GeV n~ beam [M. Aguilar-Benitez et al, Zeit. Phys. C31, 491 
(1986)]. 
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Figure 9. 13. Proper time distributions for D , £> + , and £), mesons and A f baryons from the Tagged 
Photon Spectrometer Collaboration at Fermilab, using silicon microstrip detectors [J. R. Raab et al, 
Phys. Rev. D37, 2391 (1988), J. C. Anjos et al, Phys. Rev. Lett. 60, 1379 (1988)]. For the D°, (a) 
corresponds to D*+ -> D°jr + , D° -> K-jt + , (b) to D*+ -*■ D°tt+, D° -> K-n+it+jr-, 



i) 



and (c) to D 
corresponds to D$ 



K jt + . For the £> , the decay mode is D" 1 



<pjz + and (b) to D] 



K*°K- 



K 



:S() 



-> A:~7r + 7r+. For the D^~, (a) 

K~n + . The lifetimes measured 

12, 



in these experiments were r D o = (0.422 ± 0.008 ± 0.010) x 10" lz s, r D + = (1.090 ± 0.030 ± 
0.025) x 10" 12 s, tn = (0.47 ± 0.04 ± 0.02) x 10" 12 s and r Ac = 0.22 ± 0.03 ± 0.02 x 10" 12 s. 
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Exercises 

9. 1 Estimate the lifetime of the D meson. Do you expect the neutral and charged D mesons 
to have the same lifetime? What do the data say? 

9.2 Describe the baryons containing one or more charmed quarks that extend the lowest 
lying multiplets, the octet and decuplet. How many of these particles have been found? 
Compare with Review of Practical Physics. What do you expect their decay modes to 
be? 

9.3 How have the most precise measurements of the mass of the \jr been made? See 
Ref. 9.15. 

9.4 * Calculate the branching ratio for x — ► it v. See Y. S. Tsai, Phys. Rev. D4, 2821 
(1971); M. L. Perl, Ann. Rev. Nucl. Part. Sci. 30, 229 (1980). 

9.5 * Calculate the expected widths for x/r' — >■ yx2,i,o m terms of the s- and p-state wave 
functions. Evaluate the results for a harmonic oscillator potential with the charmed 
quark mass set to 1.5 GeV and the spring constant adjusted to give the level split- 
ting between the \[r and \j/' correctly. Calculate the partial width for i/f — »■ yn c . Why 
is the transition \jr' — > yn c suppressed? Compare your results with the data given 
in the Review of Particle Properties. [See the lecture by J. D. Jackson listed in the 
Bibliography.] 

9.6 * Show that the ips produced in e + e~ annihilation have their spins' components 
along the beam axis equal either to + 1 or — 1 , but not 0. (Use the coupling of the i/r to 
e + e~ : ey^eijf^) 

9.7 * What is the angular distribution of the y's relative to the beam direction in e + e - ^ 
4 r ' — ► KXo? What is the answer for xi and X2 assuming that the transitions are 
pure £1? (See E. Eichten et al, Phys. Rev. Lett. 34, 369 (1975); G. J. Feldman and 
F. J. Gilman, Phys. Rev. D12, 2161 (1975); L. S. Brown and R. N. Cahn, Phys. Rev. 
D13, 1195(1975).) 

Further Reading 

R. N. Cahn, ed., e + e~ Annihilation: New Quarks and Leptons, Benjamin/Cummings, 
Menlo Park, CA, 1984. (A collection of articles from Annual Review of Nuclear and 
Particle Science. ) 

J. D. Jackson, "Lectures on the New Particles," in Proc. of Summer Institute on Particle 
Physics, Stanford, CA, Aug. 2-13, 1976, M. Zipf, ed. 

G. J. Feldman and M. L. Perl, "Electron-Positron Annihilation above 2 GeV and the New 
Particles," Phys. Rep. 19, 233 (1975) and 33, 285 (1977). 

G. H. Trilling, "The Properties of Charmed Particles," Phys. Rep. 75, 57 (1981). 

S. C. C. Ting, "Discovery of the J Particle: a Personal Recollection," Rev. Mod. Phys. 
44(2),235(1977). 

B. Richter, "From the Psi to Charm: the Experiments of 1975 and 1976," Rev. Mod. Phys. 
44(2), 251 (1977). 
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A popular account of much of the historical material in the chapter is contained in con- 
tributions by S. C. C. Ting, G. Goldhaber, and B. Richter in Adventures in Experimen- 
tal Physics, e, B. Maglich, ed., World Science Education, Princeton, NJ, 1976. See also 
M. Riordan The Hunting of the Quark, Simon & Schuster, 1987. 
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Experimental Observation of a Heavy Particle Jf 

Jf. J. Aubert, V. Becker, P, J. Biggs, J. Burger, M. Chen, G. Everhart, P. Goldhagen, 
J. Leong, T. McCorriston, T. G, Rhoades, M. Hohde, Samuel C. C. Ting, and Sau Lan Wu 

Laboratory for Nuclear Science and Department of Physics, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 02139 

and 

Y. Y. Lee 

Brookliaven National Laboratory, Upton, New York 11973 

(Beceived 12 November 1974) 

We report the observation of a heavy particle J, with mass m - 3.1 GeV and width ap- 
proximate^' zero. The observation was made from the reaction p 4Be — e + -i e~ + x by 
measuring the e *e~ mass spectrum with a precise pair spectrometer at the Brookhaven 
National Laboratory's 30-GeV alternating-gradient synchrotron. 



This experiment is part of a large program to 
study the behavior of timelike photons in p +p — e* 
+ e' + x reactions 1 and to search for new particles 
which decay into e*e~ and fi*u~ pairs. 

We use a slow extracted beam from the Brook- 
haven National Laboratory's alternating -gradient 
synchrotron. The beam intensity varies from 
10'° to 2x in 12 f, /pulse. The beam is guided onto 
an extended target, normally nine pieces of 70- 
mil Be, to enable us to reject the pair acciden- 
tals by requiring the two tracks lo come from the 
same origin. The beam intensity is monitored 
with a secondary emission counter, calibrated 



daily with a thin Al ioil. The beam spot size is 
3x6 mm ! , and is monitored with closed-circuit 
television. Figure 1(a) shows the simplified side 
view of one arm of the spectrometer. The two 
arms arc placed at 14.0° with respect to the inci- 
dent beam; bending (by Ml, M2) Is done vertical- 
ly to decouple the angle (6) and the momentum (/>) 
of the particle. 

The Cherenkov counter C a is filled with one at- 
mosphere and C, with 0.8 atmosphere of H 2 . The 
counters C„ and C e are decoupled by magnets Ml 
and M2, This enables us to reject knock-on elec - 
trons from C„, Extensive and repeated calibra- 
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tion of all the counters is done with approximate- 
ly 6-GeV electrons produced with a lead convert- 
er target. There are eleven planes {2y-A a , 3XA, 
3XB, 3XC) of proportional chambers rotated ap- 
proximately 20° with respect to each other to re- 
duce multitrack confusion. To further reduce the 
problem of operating the chambers at high rate, 
eight vertical and eight horizontal hodoscope 
counters are placed behind chambers A and B. 
Behind the largest chamber C (1 mx 1 m) there 
are two banks of 25 lead glass counters of 3 ra- 
diation lengths each, followed by one bank of 
lead-Lucite counters to further reject hadrons 
from electrons and to improve track identifica- 
tion. During the experiment all the counters are 
monitored with a PDP 11-45 computer and all 
high voltages are checked every 30 min. 

The magnets were measured with a three-di- 
mensional Hall probe. A total of 10 5 points were 
mapped at various current settings. The accep- 
tance of the spectrometer is A0 = ± 1°, A<p = ±2°, 
Am = 2 GeV. Thus the spectrometer enables us 
to map the e*e~ mass region from 1 to 5 GeV in 
three overlapping settings. 

Figure 1(b) shows the time-of -flight spectrum 
between the e* and e~ arms in the mass region 
2.5<ra<3.5 GeV. A clear peak of 1.5-nsec width 
is observed. This enables us to reject the acci- 
dentals easily. Track reconstruction between the 
two arms was made and again we have a clear- 
cut distinction between real pairs and accidentals. 
Figure 1(c) shows the shower and lead-glass 
pulse height spectrum for the events in the mass 
region 3.0 < m <3.2 GeV. They are again in agree- 
ment with the calibration made by the e beam. 

Typical data are shown in Fig. 2. There is a 
clear sharp enhancement at m = 3.l GeV. Without 
folding in the 10 5 mapped magnetic points and 
the radiative corrections, we estimate a mass 
resolution of 20 MeV. As seen from Fig. 2 the 
width of the particle is consistent with zero. 

To ensure that the observed peak is indeed a 
real particle (J~ e*e~) many experimental checks 
were made. We list seven examples: 

(1) When we decreased the magnet currents by 
10%, the peak remained fixed at 3.1 GeV (see 
Fig. 2). 

(2) To check second-order effects on the target, 
we increased the target thickness by a factor of 
2. The yield increased by a factor of 2, not by 4. 

(3) To check the pileup in the lead glass and 
shower counters, different runs with different 
voltage settings on the counters were made. No 
effect was observed on the yield of J. 
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FIG. 2. Mass spectrum showing the existence of J, 
Results from two spectrometer settings are plotted 
showing that the peak is independent of spectrometer 
currents. The run at reduced current was taken two 
months later than the normal run. 



(4) To ensure that the peak is not due to scatter- 
ing from the sides of magnets, cuts were made 

in the data to reduce the effective aperture. No 
significant reduction in the J yield was found. 

(5) To check the read-out system of the cham- 
bers and the triggering system of the hodoscopes, 
runs were made with a few planes of chambers 
deleted and with sections of the hodoscopes omit- 
ted from the trigger. No effect was observed on 
the J yield. 

(6) Runs with different beam intensity were 
made and the yield did not change. 

(7) To avoid systematic errors, half of the data 
were taken at each spectrometer polarity. 

These and many other checks convinced us that 
we have observed a real massive particle J— ee. 

If we assume a production mechanism for J to 
be rfa/rf/) x ccexp(- 6pJ we obtain a yield of </of ap- 
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proximately 10" 34 cm 2 . 

The most striking feature of J is the possibility 
that it may be one of the theoretically suggested 
charmed particles 2 or a's 3 or Z 0 's, 4 etc. In or- 
der to study the real nature of J, 5 measurements 
are now underway on the various decay modes, 
e.g., an ei\v mode would imply that J is weakly 
interacting in nature. 

It is also important to note the absence of an 
e*e~ continuum, which contradicts the predic- 
tions of parton models. 6 

We wish to thank Dr. R. R. Rau and the alternat- 
ing-gradient synchrotron staff who have done an 
outstanding job in setting up and maintaining this 
experiment. We thank especially Dr. F. Eppling, 
B. M. Bailey, and the staff of the Laboratory for 
Nuclear Science for their help and encourage- 
ment. We thank also Ms. I. Schulz, Ms. H. Feind, 
N. Feind, D. Osborne, G. Krey, J. Donahue, and 



E. D. Weiner for help and assistance. We thank 
also M. Deutsch, V. F. Weisskopf, T. T. Wu, 
S. Drell, and S. Glashow for many interesting 
conversations. 



tAocepted without review under policy announced in 
Editorial of 20 July 1964 [Phys. Rev. Lett. 13, 79 
(1964)]. 

'The first work onp + p — ■ \x* +n~ +x was done by L. M. 
Lederman et al., Phys. Rev. Lett. 25, 1523 (1970). 

2 S. L. Glashow, private communication. 

3 T. D. Lee, Phys. Rev. Lett. 26, 801 (1971). 

4 S. Weinberg, Phys. Hev. Lett. 19, 1264 (1967), and 
27, 1688 (1971), and Phys. Rev. D 5, 1412, 1962 (1972). 

5 After completion of this paper, we learned of a sim- 
ilar result from SPEAR. B. Richter and W. Panofsky, 
private communication; J.-E. Augustin et al,, following 
Letter [Phys. Rev. Lett. 33, 1404 (1974)]. 

6 S. D. Drell and T. M. Yan, Phys. Rev. Lett. 25, 316 
(1970). An improved version of the theory is not in con- 
tradiction with the data. 
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We have observed a very sharp peak in the cross section for e*e" — hadrons, e*e~ , and 
possibly nV at a center-of-mass energy of 3.105±0.003 GeV. The upper limit to the 
full width at half-maximum is 1.3 MeV. 



We have observed a very sharp peak in the 
cross section for e*e"~ hadrons, e*e", and pos- 
sibly jk *i±~ in the Stanford Linear Accelerator 
Center (SLAC) -Lawrence Berkeley Laboratory 
magnetic detector 1 at the SLAC electron-positron 
storage ring SPEAR. The resonance has the 
parameters 

£ = 3.105*0.003 GeV, 

r«1.3 MeV 

(full width at half-maximum), where the uncer- 
tainty in the energy of the resonance reflects the 



uncertainty in the absolute energy calibration of 
the storage ring. [We suggest naming this struc- 
ture i/<(3105).] The cross section for hadron pro- 
duction at the peak of the resonance is s 2300 
nb, an enhancement of about 100 times the cross 
section outside the resonance. The large mass, 
large cross section, and narrow width of this 
structure are entirely unexpected. 

Our attention was first drawn to the possibility 
of structure in the e*e~- hadron cross section 
during a scan of the cross section carried out in 
200-MeV steps. A 307o (6 nb) enhancement was 
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observed at a cm. energy of 3.2 GeV. Subse- 
quently, we repeated the measurement at 3.2 
GeV and also made measurements at 3.1 and 3,3 
GeV. The 3.2-GeV results reproduced, the 3.3- 
GeV measurement showed no enhancement, but 
the 3.1 -GeV measurements were internally in- 
consistent—six out of eight runs giving a low 
cross section and two runs giving a factor of 3 to 
5 higher cross section. This pattern could have 
been caused by a very narrow resonance at an 
energy slightly larger than the nominal 3.1 -GeV 
setting of the storage ring, the inconsistent 3.1- 
GeV cross sections then being caused by setting 
errors in the ring energy. The 3.2-GeV enhance- 
ment would arise from radiative corrections 
which give a high -energy tail to the structure. 

We have now repeated the measurements using 
much finer energy steps and using a nuclear mag- 
netic resonance magnetometer to monitor the 
ring energy. The magnetometer, coupled with 
measurements of the circulating beam position 
in the storage ring made at sixteen points around 
the orbit, allowed the relative energy to be deter- 
mined to 1 part in W. The determination ot the 
absolute energy setting of the ring requires the 
knowledge of iBdl around the orbit and is accur- 
ate to ±0.1%. 

The data are shown in Fig. 1. All cross sec- 
tions are normalized to Bhabha scattering at 20 
mrad. The cross section for the production of 
hadrons is shown in Fig. 1(a). Hadronic events 
are required to have in the final state either s 3 
detected charged particles or 2 charged particles 
noncoplanar by > 20V The observed cross sec- 
tion rises sharply from a level of about 25 nb to 
a value of 2300 ± 200 nb at the peak 3 and then ex- 
hibits the long high-energy tail characteristic of 
radiative corrections ine'e" reactions. The de- 
tection efficiency for hadronic events is 45% over 
the region shown. The error quoted above in- 
cludes both the statistical error and a 7% contri- 
bution from uncertainty in the detection efficiency. 

Our mass resolution is determined by the en- 
ergy spread in the colliding beams which arises 
from quantum fluctuations in the synchrotron 
radiation emitted by the beams. The expected 
Gaussian cm. energy distribution (u = 0.56 MeV), 
folded with the radiative processes, 1 is shown as 
the dashed curve in Fig, 1(a). The width of the 
resonance must be smaller than this spread; thus 
an upper limit to the full width at half -maximum 
is 1.3 MeV. 

Figure 1(b) shows the cross section for e*e~ 
final states. Outside the peak this cross section 



50OO 




FIG, I, Cross section versus energy for (a) multi- 
hadron final states, (b) e*e~ final states, and (c) ii*ii~ , 
t + i", and K*K" final states. The curve In (a) is the ex- 
pected shape of a 6 -function resonance folded with the 
Gaussian energy spread of the beams and including 
radiative processes. The cross sections shown in (b) 
and (e) are integrated over the detector acceptance. 
The total hadron cross section, (a), has been corrected 
for detection efficiency. 

is equal to the Bhabha cross section integrated 
over the acceptance of the apparatus,' 

Figure 1(c) shows the cross section for the 
production of collinear pairs of particles, ex- 
cluding electrons. At present, our muon identi- 
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fications system is not functioning and we there- 
fore cannot separate muons from strongly inter- 
acting particles. However, outside the peak the 
data are consistent with our previously measured 
M-pair cross section. Since a large it-u or KK 
branching ratio would be unexpected for a reso- 
nance this massive, the two-body enhancement 
observed is probably but not conclusively in the 
iU-palr channel. 

The e + e" — hadron cross section is presumed 
to go through the one -photon intermediate state 
with angular momentum, parity, and charge con- 
jugation quantum numbers J pc = 1"". It is dif- 
ficult to understand how, without involving new 
quantum numbers or selection rules, a resonance 
in this state which decays to hadrons could be so 
narrow. 

We wish to thank the SPEAR operations staff 
for providing the stable conditions of machine 
performance necessary for this experiment. 
Special monitoring and control techniques were 
developed on very short notice and performed ex- 



cellently. 



*Work supported by the U. S. Atomic Energy Com- 
mission. 

fPresent address: Laboratoire de l'Accelerateur 
Lineaire, Centre d'Orsay de l'Universite de Paris, 91 
Orsay, France. 

^Permanent address: Institut de Physique Nucleaire, 
Orsay, France. 

§Permanent address: Centre d'Etudes Nucleaires de 
Saclay, Saclay, France. 

^he apparatus is described by J.-E. Augustin et at., 
to be published. 

The detection-efficiency determination will be de- 
scribed in a future publication. 

3 While preparing this manuscript we were informed 
that the Massachusetts Institute of Technology group 
studying the reaction/^ -e'e'trat Brookhaven Na- 
tional Laboratory has observed an enhancement in the 
e + e" mass distribution at about 3100 MeV. J. J. Aubert 
et al., preceding Letter iPhys. Rev. Lett. 33, 1402 
(1974)]. 

4 G. Bonneau and F. Martin, Nucl. Phys. B27 , 381 
(1971). 
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We have observed a second sharp peak in the cross section for e*e~-~ hadrons at a 
center-of-mass energy of 3.695± 0.004 GeV. The upper limit of the full width at half- 
maximum is 2.7 MeV. 



The recent discovery of a very narrow reso- 
nant state coupled to leptons and hadrons 1 " 3 has 
raised the obvious question of the existence of 
other narrow resonances also coupled to leptons 
and hadrons. We therefore began a systematic 
search of the mass region accessible with the 
Stanford Linear Accelerator Center (SLAC) e *e " 
storage ring SPEAR and quickly found a second 
narrow resonance decaying to hadrons. The pa- 
rameters of the new state [which we suggest call- 
ing #{3695)] are 

A? =3. 695 ±0.004 GeV, T<2.7MeV 



[full width at half -maximum (FWHM)], where the 
mass uncertainty reflects the uncertainty in the 
absolute energy calibration of the storage ring. 

The #(3695), like the #(3105), was found using 
the SLAC -Lawrence Berkeley Laboratory mag- 
netic detector at SPEAR. 4 The luminosity moni- 
toring, event acceptance criteria, and storage- 
ring energy determination have been described 
previously. 1 

The new feature of this run is the search proce- 
dure used to hunt for narrow e*e~ resonances. 
In the search mode the storage-ring energy is in- 



creased in about 1-MeV steps (E c 



= 2X£ h 



») 



1453 



272 
Volume 33, Number 24 



Ref. 9.4: Discovery of the xjf' 
PHYSICAL REVIEW LETTERS 



9 December 1974 



3 


i i -r t ■ 


] 
(0) 


2 


i 




" 


1 






0 


( 





1,540 1.545 1.550 1.555 1,560 
Ekjo-diominolHGeV) 




(M 



I) 

S30 1.840 I.S50 IB6C 

(nominal! (GeV) 



FIG, 1. Search- mode data (relative hadron yield! tak- 
en (a) in a 1-h calibration run over the ^(3105) (average 
luminosity of 2x 10 19 cm" 2 sec" 1 ), and (b) during the 
run in which the #(3695) was found (average luminosity 
of 5xl0 2a cm" 2 sec" 1 !. 
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FIG. 2, Total cross section for e'e" — hadrens cor- 
rected for detection efficiency. The dashed curve is 
the expected resolution folded with the radiative correc- 
tions. The errors shown are statistical only. 



every 3 min. The data taken during each step 
are analyzed in real time and the relative cross 
sections computed at the end of each step. Fig- 
ure 1(a) shows the search-mode data taken dur- 
ing a calibration scan over the previously dis- 
covered <f(3105). Figure 1(b) shows the data tak- 
en during the first scan which began at a ring en- 
ergy of 1.8 GeV. A clear indication of a narrow 
resonance with a mass of about 3. 70 GeV is seen. 
It should be emphasized that we have not yet 
scanned any mass region other than that between 
3.6 and 3.71 GeV. 

On finding evidence of a resonance in the e *e ' 
— hadron cross section, we switched to the nor- 
mal SPEAR operating mode of longer runs at 
fixed energy. In this mode, smaller energy 
changes are possible than in the search mode. 
Figure 2 shows the cross section for e *e " -had- 
rons, corrected for the detection efficiency of 
about 55% over the energy region shown. 

Our mass resolution is determined by the ener- 
gy spread in the colliding beams, which depends 
on the energy of the beams. The expected Gauss- 
ian cm. energy distribution (tr=1.2 MeV) folded 
with the radiative processes 5 is shown as the 
dashed curve in Fig. 2. The width of the reso- 
nance must be smaller than this spread; thus, 



an upper limit to the FWHM is 2.7 MeV. 

In summary, the colliding -beam data now show 
two narrow resonances in the hadron production 
cross section. Our determination of the parame- 
ters of the resonance are as follows: 



Mass 
(GeV) 



r(FWHM) 
(MeV) 



#(3105) 
#(3695) 



3.105*0.003 
3,695*0.004 



<1.9 (Ref, 6) 
<2.7 



We are continuing the search for others. 

We thank the SPEAR operations staff for the 
technological tour de force they accomplished 
whereby we are able to scan the machine energy 
in small, well-defined steps. We also acknowl- 
edge the cooperation of the Stanford Center for 
Information Processing in expediting the compu- 
tation needs of this experiment. 



*Work supported by the U. S, Atomic Energy Com- 
mission, 

t Accepted without review under policy announced in 
Editorial of 20 July 1964 [Phys. Rev. Lett. 13, 79 
(1964)1. 

% Permanent address: Centre d "Etudes Nucleaires 
de Saclay, Saclay, France. 
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Lineaire, Centre d'Orsay de l'Universite de Paris, 5 G. Bonneau and F. Martin, Nucl. Phys. B27 , 321 

91 Orsay, France. (1971). 

llPermanent address: Institut de Physique Nucleaire, 6 In Ref. 1 a factor of ^2 was omitted from the calcu- 

Orsay, France. lation of the experimental upper limit to the width of 

'j.-E. Augustine* al., Phys. Rev. Lett. 33, 1406 $(3105). The correct value is 1.9 MeV rather than 1.3 

(1974). MeV which appears in Ref. 1. However, the curve in 

2 J. J. Aubert et al., Phys. Rev. Lett. 33, 1404 (1974). Fig. 1(a) of Ref. 1 showing the calculated tail of the 

3 C. Bacci et al., Phys. Rev. Lett. 33, 1408 (1974). resonance is correct. 
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OBSERVATION OF THE TWO PHOTON CASCADE 3.7 ■+ 3.1 + 77 
VIA AN INTERMEDIATE STATE P c 

DASP-Collaboration 
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S. ORITO, T. SUDA, Y. TOTSUKA and S. YAMADA 
High Energy Physics Laboratory and Dept. of Physics, University of Tokyo, Tokyo, Japan 

Received 22 July 1975 

The two photon cascade decay of the 3.7 GeV resonance into the 3.1 GeV resonance has been observed in two 
nearly independent experiments. The clustering of the photon energies around 160 MeV and 420 MeV observed in 
the channel 3.7 -* (3.1 -*■ m + ju~) + 77 indicates the existence of at least one intermediate state with even charge con- 
jugation at a mass around 3.52 GeV or 3.26 GeV. 



In studying the cascade transition of the 3.7 GeV 
resonance into the 3.1 GeV resonance we have ob- 
served the decay channel 



3.7 -» 3.1 +7Y 



0) 



in two nearly independent experiments. The energies 
of the two photons cluster around 160 and 420 MeV 
suggesting the cascade decay to proceed via at least 
one new resonance with even charge conjugation. 

The measurement has been performed at the DESY 
electron-positron storage rings DORIS using the double 
arm spectrometer DASP. The DASP detector is shown 
in fig. I. It consists of two identical magnetic spectro- 

* On leave from Cornell University, Ithaca, N.Y. 
** Now at Hochtemperatur Reaktorbau, Mannheim. 
*** On leave from the University of Illinois, Urbana, Illinois. 



meters arranged symmetrically with respect to the 
colliding beams. The details of this part of the spectro- 
meter can be found elsewhere [1]. A large-aperture 
non magnetic detector is mounted between the two 
spectrometer arms. It consists of six sectors covering 
about 75% of 4-n. To the top and bottom sectors, de- 
scribed already in previous publications [2], four 
similar sectors have been added during the course of 
the experiment. Each sector consists of a scintillation 
counter hodoscope, a 5 mm thick lead sheet and two 
or three layers of proportional tubes, all repeated four 
times and followed by a lead-scintillator shower de- 
tector of 7 radiation lengths. In addition the beam 
pipe is surrounded by a layer of 22 scintillation coun- 
ters. 

The two experiments were carried out as follows: 
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Fig. la. A schematic view of DASP showing the two magnetic spectrometer aims and the non magnetic detector (inner detector) 
mounted in the free space between the two spectrometer arms. 



In the first experiment, the decay 3.7 ■* 3.1 +77 was 
identified by measuring the two electrons from the 
decay of the 3.1 GeV resonance together with the 
two photons from the cascade, using the non magne- 
tic detector only. The event was then completely re- 
constructed from the measurement of the emission 
angles of the four particles. In a second experiment, 
done concurrently with the first one, the reaction 
was identified by observing the decay of the 3. 1 GeV 
resonance into a pair of muons with the magnetic 
spectrometers and selecting events with just two pho- 
tons identified in the inner detector. The two experi- 
ments will be discussed separately. 

A. 3.7-(3.1^e+e-) + rt 

Using the scanning criteria listed below events with 
just two electrons and two photons in the inner de- 
tector were selected. 

For an electron we required: 

(a) the appropriate beam pipe scintillation counter 
is fired. 

(b) an electromagnetic shower is produced with 
energy greater than 700 MeV, as determined from the 
pulse height observed in the combined scintillator 
shower counter system (the loss of events due to this 
cut is at most a few percent). 

Electron pairs in the top or bottom of the inner de- 
tector or in the horizontal part of the solid angle 
covered by the proportional chambers PI and P2 were 



accepted. The angles of the electrons were determined: 
to±l°. 

For a photon we required: 

(a) a nonzero pulse height in the shower counter 
(with the threshold set at 0.3 of the pulse height for 
a minimum ionizing particle) or at least one propor- 
tional tube and one scintillation counter fired, 

(b) the appropriate beam pipe counters and front 
counters in the inner detector module did not fire. 

Photon showers which were within 15 of the axis 
of the electron shower were not accepted. The angular 
resolution for photons is ± 2° if they convert before a 
proportional tube chamber, and ± 8° in <t> and ± 20° 
in 6 if they are detected by means of the counter 
hodoscope only. 

Restricting the non-collinearity angle of the elec- 
trons to less than 45° we found 71 events with just 
two electrons and two photons as defined above. 
From the measured directions of the four particles 
and the known initial energy, a OC calculation was 
made yielding the momenta of the four particles. 
From the momenta so determined the effective mass 
distribution of the electron pairs was computed and 
is plotted in fig. 2a. The plot shows a clear peak cen- 
tered at 3. 1 GeV less than 200 MeV wide. This is con- 
sistent with the position and width expected for the 
decay : 



3.7-*-(3.1-»e + e~) + rr- 



m 
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Fig. lb. A schematic view of the DASP inner detector 
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Here a Monte Carlo computation, including the mea- 
surement errors, predicts a peak at 3. 1 GeV in the ef- 
fective mass distribution of the e + e" pairs with a 
width of 130 MeV(FWHM). 



The most serious background comes from the decay 

3.7 -•■ (3.1 -*«♦•-)+ (»V>, (3) 

with ordy two of the four photons detected. The con- 
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Fig. 2. Candidates for the reaction e + e _ ~* c + e~yy. 

a) e + e~ effective mass distribution 

b) Distribution of the two-photon opening angle for events 
with 3.0 < M ee < 3.2 GeV. 

The curves show the background from e + e~ -► (3.1 -* e + e _ ) 
rr°7r° as predicted by the Monte Carlo calculation. 

tribution from this decay mode was calculated by a 
Monte Carlo calculation. 

As an input to the Monte Carlo calculation the 
shape of the n°n° mass distribution was taken to be 
identical to the mass distribution observed for the 
n + n~ pairs from the decay 3.7 -+ (3.1 -+ fi + li~) + 
n + ir~ (see below). For the absolute prediction the 
branching ratio n n ln + -n~ was assumed to be 0.5, 
as expected for a A/ = 0 transition. In the calculations 
the geometric acceptance and the measured photon 
detection efficiency were used. Also the measurement 
errors listed above were included in the computation. 
The shape and the magnitude of the effective e + e~- 
mass distribution predicted by this calculation is 
plotted as the solid curve in fig. 2a. The predicted 
mass distribution of the e + e~ pairs peaks at an ef- 
fective mass of 3.3 GeV and is 600 MeV wide (FWHM) 
in disagreement with the narrow peak observed at 3. 1 
GeV. Neglecting the measurement errors changes 
neither the predicted width nor the position of the 
peak. We therefore conclude that the narrow peak ob- 
served at 3.1 GeV, cannot be explained by the back- 



ground from the n°-n° decay mode (3). The events out- 
side the peak, however, are all consistent with being 
from 7r 0 :r o decay. 
The decay 



3.7 -+ (3.1 -» e + e-) + (t) -> 77, 3jr°) 



(4) 



with two photons detected will also contribute to the 
background. A Monte Carlo calculation of 3.7 -» 
(3.1 -> e + e~) + (17 -+ Tt 0 Tt o Tt°) leads to a wide mass dis- 
tribution of the corresponding e + e~ pairs. Since its 
absolute magnitude is very small compared to the 
background from (3) it is neglected. The contribution 
from 3.7 -+ (3.1 -+ e + e~) + (17 -» 77) corresponds to 
electron pairs with a well defined mass centered at 
3.1 GeV. However since the 17 is produced nearly at 
rest, the angle 0 between the two photons from its 
decay will be larger than 140°. The 8 distribution 
for events in the peak between 3.0 and 3.2 GeV is 
shown in fig. 2b together with the Monte Carlo predic- 
tion for the background from e + e~ jt 0 ^ 0 . It follows 
from fig. 2b that only 4 events in the narrow peak at 
3.1 GeV can be due to 17 -* 77. To exclude these events 
and also reduce the background from the :r 0 :r 0 decay 
mode only 77 events which fulfill the conditions 
3.0 GeV <M ee < 3.2 GeV, and B yy < 120° were con- 
sidered. There remains 14 events which satisfy these 
criteria. The Monte Carlo computation gives a n°Tt° 
background of 3.7 events in this sample. From the 
data presented above we conclude that we have ob- 
served the cascade decay 3.7 -+ (3.1 -» e + e~) + 77. 



»mV 



B. 3.7^(3.1 
The decay 



) + rt 



3.7-K3.1 



(5) 



was investigated by detecting the two muons with the 
two magnetic spectrometers of DASP and separating 
the various channels X using the information from the 
inner detector. 

Muons were positively identified by requiring one 
or both of the oppositely charged particles, accepted 
by the magnet, to penetrate 70 cm of iron. The effec- 
tive mass distribution of these pairs, plotted in fig. 3, 
shows a peak at 3.7 GeV from the direct decay of the 
3.7 GeV resonance and the contribution from QED. 
A second peak, centered at a mass of 3.09 GeV, results 
from the cascade decay via the 3.1 GeV resonance. 
Accepting muon-pairs with an effective mass between 
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Fig. 3. Effective nV-mass distribution foi the reaction 
e*e~ — fiV"X. 



2.9 GeV and 3.2 GeV yields 164 events. 

Using the information from the inner detector 
these events are split into two groups: The one group 
contains only charged particles, in the second group 
at least one photon must be observed. The distribu- 
tion of the events as a function of their mass squared 
recoiling against the 3.1 GeV state was computed from 
the known muon momenta and is plotted for the two 
classes of events in fig. 4a and 4b. In this calculation 
the effective mass of the muon pair was constrained 
to be 3.09 GeV. 

Candidates for the reaction 



3.7-* {3.1 -ffiV~) + 7T 



(6) 



were selected from the 1 64 events by requiring just 
two photons in the inner detector. Twelve such candi- 
dates were found. The energies of the two photons 
were calculated from the energy £ 3 | and momentum 
/*3 [ of the 3.1 GeV resonance and the measured direc- 
tion of the two photons, where 

'3.1 »*« + ^ 3 and E iA =V(3.W) 2 +*•!.] ■ 

For genuine events of reaction (6) the missing 
energy 



-—3.1 - X 

E = 3.S6GeV 
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Pig. *. The M^-distribution for event] of the type e e~ — )i*ii X 



with 2.9 GeV <M„ 



-<3,2GeVfor 



a) only charged particles observed in the inner detector 

b) at least one photon detected in the inner detector. The 
shaded histogram shows the events of the reaction 3.7 — 
(3.1 -uVlrr. 

and the angle Afl between the momentum vector of 
the 3.1 GeV resonance and the plane spanned by the 
directions of the two photons should be zero, within 
experimental uncertainties. For the twelve candidates 
the errors in A0 and AE were computed event by 
event. Five events were within la of A8 ■ A/T = 0 and 
were taken to be genuine 77 events. The 77 effective 
mass spectrum for the five events is shown as the black 
squares in fig. 4b. One of the five events has a mass 
Af x = (0.543 ± 0.010) GeV and is therefore likely to 
be due to the decay: 

3.7-(3.1-VAt-) + 0?^TT)- 

(n the remainder we have demanded Af x < 0.450 GeV 
in order to eliminate a possible 1} contribution. 

The background resulting from the ir°)t Q decay 
mode was evaluated by a similar Monte Carlo calcula- 
tion as described above, with the e + e~ detection effi- 
ciency replaced by the u + f~ detection efficiency. It 
was checked by comparing the predicted yield of the 
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7T°rr° decay mode for 0, 1, 2, 3 or 4 of the photons 
detected in the inner detector with the experimental 
data. The results are listed in table 1. 

Table 1 



Number of photons detected 

Monte Carlo 

Observed 



1 

12.7 
19 



2 
8.2 



3 
2.2 
4 



4 

0.2 

0 



The Monte Carlo calculation predicts a background 
distributed rather uniformly in Af) and A£ with a 
density consistent with that observed for the rejected 
events. The calculated background of 0.2 events is to 
be compared with the 4 events found within the same 
cuts on AiT, A0 andAf x . A 2C fit was made to the re- 
maining four events in order to improve on the deter- 
mination of the photon energies. The resulting photon 
energies and the effective masses of the photon pairs 
are listed in table 2. We observe that the events cluster 
in a narrow band of photon energies around 1 60 MeV 
and 420 MeV. 

Table 2 



Event# 



Af 77 (MeV) 



1 


179 ±53 


408 ± 53 


291 


2 


167 ± 16 


404 t 16 


449 


3 


156 t 23 


406 ± 21 


354 


4 


96 ±22 


463 ± 31 


396 



From the rate observed in 3.7 -» (3.1 -* e + e~) + 77 
we would expect to find 3 such events. 

Conclusions: We have observed the decay 3.7 -* 
3.1 + 77 in two experiments. The observed tendency 
for the photon energies to cluster around 1 60 and 
420 MeV strongly suggests that the 77 decay takes 
place in two stages via an intermediate particle, for 
which we suggest the name P c : 



3.7 -<• P c + 7 

P c -»3.1 +7. 

The simultaneous emission of the two photons in a 
direct decay would produce photon pairs with a spec- 
trum of energies, and would be expected to be very 
weak (of order a 2 ) relative to the strong mode 3.7 -* 
3.1 7T + 7T^. Since we have not determined whether the 
160 or the 420 MeV photon is emitted first, the mass 
of the P c is ambiguous: 

m p = 3.52 ± 0.05 GeV 

or 

m Pc = 3.26 ± 0.05 GeV . 

A very preliminary evaluation leads to a branching 
ratio (3.7 -+ P c 7 -> 3.1 7T)/(3.7 -> all) between 2% and 
12%. Comparing the result of this experiment with the 
experimental limits on a monochromatic photon line 
[3], suggests the radiative decay mode P c -> 3.1 +7 to 
be a major decay mode of the new resonance. 

We thank all engineers and technicians of the colla- 
borating institutions who have participated in the con- 
struction of DASP. The invaluable cooperation with 
the technical support groups and the computer center 
at DESY is gratefully acknowledged. We are indebted 
to the DORIS machine group for their excellent support 
during the experiment. The non-DESY members of the 
collaboration thank the DESY Direktorium for the 
kind hospitality extended to them. 
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An tj c candidate state has been observed with a mass M= 2978 ± 9 MeV and a natural 
line width r < 20 MeV (90% confidence level) using the Crystal Ball Nal(Tl) detector at 
SPEAR. Radiative transitions to this state are observed from ip' (3684) and J/^(3095) in 
the inclusive photon spectra. The branching fraction to this state from the ip' is (0.43 
± 0.08± 0.18)% f where the errors are statistical and systematic, respectively. In addi- 
tion, evidence is presented for the decay of this new state into 7?ir + 7r~ and an upper limit 
is presented on the decay into ^K + K~ . 



PACS numbers: 14.40.Pe, 13.25.+n, 13.40.Hg 

The properties of charmonium have been the 
subject of intense experimental and theoretical 
work since the J/i/iand i/)'were discovered more 
than five years ago. Of particular interest has 
been the question of the existence, mass, and 
width of the rj c , the l'S 0 partner of the l'S, char- 
monium state, the j/tp. Potential models 1 and 
dispersion relation models 2 indicate that the rj c 
lies between 20 MeV above and 100 MeV below 
the j/ip. In addition, a number of detailed calcu- 
lations 3 have been made of the expected radiative 
rates to the rj c from J/ip and ip'. 

From their first publication, these theoretical 
predictions have stimulated experimental search- 
es for the T) c . An initial candidate for the r\ c 
state, called x<2830), 4 had a mass lower than 
theoretically expected. This state was not ob- 
served in inclusive photon spectra from the J/ip; 
an upper limit 5 was set much below the expected 
branching fraction. 3 The A^2830) was not con- 
firmed by the Crystal Ball collaboration in a 
more sensitive experiment 6 ; thus the question of 
the existence of the r) c has remained open. 



We have observed a new state with mass M 
= 2978 ±9 MeV in radiative decays of the j/ij> and 
ip', as well as the decay of this new state into 
7)77 + 77". For the present we call this state the t] c 
candidate. 

The data were obtained using the Crystal Ball 
Nal(Tl) detector 6 ' 7 at the SPEAR e *e ' storage 
ring of the Stanford Linear Accelerator Center 
(SLAC). The trigger efficiency for hadronic 
events is greater than 98%. Of the initial triggers 
at the j/ip and #', roughly 30% and 20%, respec- 
tively, are hadronic events, the rest being cos- 
mic rays, beam-gas interactions, and QED events. 
After removal of these three background sources 
by a series of software cuts, the efficiency of 
selection of hadronic decays is (93 ± 5)% with a 
residual background of less than 2%. The result- 
ing final samples of 752 X 10 3 J/>p and 775 x 10 3 )p' 
hadronic decays, corresponding to integrated lu- 
minosities of 323 and 1630 nb" 1 , respectively, 
were used in the present analysis. 

A number of cuts were applied to obtain inclu- 
sive photon spectra 8,9 . Photon showers were re- 
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quired to be entirely contained in the detector and 
to be well separated from charged particles. Pho- 
ton pairs tli at could be reconstructed to a u° were 
removed. Figure 1 shows the inclusive photon 
spectrum obtained from hadronic decays of the 
ij>'. The transitions 5,10 to the well-established 
X states are indicated in the figure as are the 
cascade transitions. ,0 _lz Also clearly seen is a 
signal of greater than 5 standard deviations at 
E ? =634± 13 MeV. The error in the photon en- 
ergy is primarily systematic, resulting from a 
± 2% uncertainty in the absolute Nal(Tl) energy 
calibration. This signal corresponds to a transi- 
tion to a state of mass M= 2983 *16 MeV. Several 
systematic checks* were made to verify that the 
signal appears uniformly over the solid angle of 
the apparatus and in the data obtained in the ear- 
lier and later parts of the data collection period. 
To check the sensitivity of the detector to a small 
signal in the 630-MeV region, 9 we looked for the 
617-MeV photon radiated in the reaction e *e~ 
-yJ/fyzi. the ^"(3770) resonance; this photon 
was seen at the expected level. In addition, to 
check that the signal is not an instrumental effect, 
the inclusive photon spectrum from hadronic de- 
cays of the J/4', shown in Fig. 2, was analyzed 
and no signal was found in the 630-MeV region. 

If the signal from the ty' corresponds to the 
hindered Ml transition 3 ^' — >t) c , then we expect 
to observe the transition J/ip — yr\ c at a photon 
energy of about 110 MeV. In the J/$ inclusive 
photon spectrum, shown in Fig. 2, there appears 
to be an enhancement about a photon energy of 



7000 



6000 - 




1000 



FIG. 1. The inclusive photon spectrum from $* had- 
ronic decays. Counts are plotted in logarithmic bins 
since the resolution, AE/E, is nearly constant in E 
forNaKTl). 



112 MeV, corresponding to a state of mass Af 
~ 2981 MeV. A simultaneous fit was therefore 
performed to the mass, M, and natural linewidth, 
r, of the 7j. candidate for both the if-' and J/iji sig- 
nal regions. The two observed signals were fit 
by a Breit-Wigner line shape convoluted with a 
Gaussian energy resolution; independent quadrat- 
ic forms were used for the backgrounds. The 
Gaussian resolutions (s = 4.7 MeV at £ =112 MeV 
and cr=18.3 MeV at £ ? = 634 MeV) were derived 
from other Crystal Ball measurements. 1 

Figures 3(a) and 3(b) show the best fit obtained, 
together with the data for the if' and j/ifi inclusive 
spectra, respectively, before and after back- 
ground subtraction. The parameters from the 
best fit, excepting the primarily systematic er- 
ror in M, are 



M-2981 ±15 MeV, r = 20!Jf MeV, 
\ 2 = 53 for 66 degrees of freedom. 



m 



The signal obtained from the fit has a statistical 
significance of over 5 standard deviations. The 
systematic error in M arises mainly from the 
energy calibration uncertainty in the if' contribu- 
tion to the fit, and uncertainty in the background 
shape in the J/ if contribution; it dominates the 
±2 MeV statistical error. The dependence of x 2 
on r exhibits a broad minimum in \ 2 centered 
at" r = 20 MeV, where the value of r is primarily 
determined from the J/i(> inclusive spectrum. The 
error in r, shown in (1), is essentially statisti- 
cal; an additional uncertainty due to the choice of 
the functional form for the background to the J/# 
signal has not yet been evaluated. 




FIG. 2. The inclusive photon spectrum from J/$> had- 
ronic decays. The structure at E r -200 MeV results 
from minimum ionizing charged particles which have 
been mis identified as photons (Hefs. S and 91. 
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FIG, 3. Inclusive photon spectra from (a) #' and (b) 
J/$ decays in the region of the tj c candidate signal, 
with fit results overplotted (r = 20 MeV). Unsubtracted 
and background subtracted spectra are shown; the 
background is determined from the fit described in the 
text. 



The reconstruction efficiency for a single photon 
in an inclusive hadronic final state can at present 
be reliably estimated only for the $' decays, 
where the photon energy is 634 MeV. For the 
low-energy photons from the J/$, background 
sources are much more severe. Using a Monte 
Carlo estimate of the efficiency, assuming J F 
= 0 " for the rj c candidate, we obtain the inclusive 
branching ratio R{tji'~yi} l . candidate) = (0.43 ±0.08 
±0.18)%. The errors shown are statistical and 
Systematic, respectively, with the latter domi- 
nated by the uncertainty in the photon reconstruc- 
tion efficiency. The value for the branching ratio 
compares well with theoretical estimates 3 of 
(0.2-0.4)%. 

We have also looked for exclusive decays of the 
7) c candidate into hadrons by performing kinemat- 
ic fits to exclusive final states with multiple pho- 
tons and two charged hadrons. '^ The Crystal Ball 
measures both the energy and angle of electro- 
magnet ically showering particles; for charged 
hadrons (it, K) only the angles are measured well. 
Secondary interactions of the charged hadrons in 
the sodium iodide complicate the fitting of some 
events, but special pattern recognition algorithms 
have been developed to deal with this effect. 

Events with a three-photon, two -charged -par- 
ticle topology were selected from the sample of 
j/tfr hadronic decays and subjected to a three - 
constraint kinematic fit to the hypotheses 



J/4>~Yi}ii**'H-n& yr]K*K~ 



7}~yy. 



(2) 



The energy spectrum for the low-energy radiated 
photon is shown in Fig. 4 for events which pass 
the fit with a probability of x 2 greater than 0.10 
for the ijtt*ji" hypothesis, A clear signal is seen 
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FIG. 4. Fitted energy of the photon for events fitted 
to the hypothesis J/#~ vi?!**'. 



above background. No comparable signal is seen 
for the r]K*K~ hypothesis. A maximum likeli- 
hood fit gives the rpi*Ti~ mass corresponding to 
this signal as 2974 ±2 ±9 MeV, where the first 
error is statistical and the second is an estimate 
of the systematic uncertainty. The mass agrees 
within errors with the value determined from the 
inclusive spectra. 

The >nn*i" data contain additional information 
on the width of the jf c candidate. Given the limit- 
ed statistics of this measurement, we choose to 
combine the x 2 (T) function obtained from the like- 
lihood fit to these data with the function obtained 
from the fit to the inclusive 13 data. The resulting 
function provides an upper limit on the natural 
line width of r<20 MeV (90% C.L.). 

The detection efficiency for the exclusive re- 
action yr(!i*it' has been estimated by a Monte Car- 
lo calculation where the t) c was assumed to have 
J p =0~, and to decay with a phase-space distribu- 
tion. The signal of 18 ±6 events corresponds to a 
product branching ratio R(J/ip—yr} c candidate) 
•R{% candidate - rp * n ") = (3. 1 ±1.1 ±1. 5) x IQ~", 
where the errors are statistical and systematic, 
respectively. 

The Mark O collaboration at SPEAR has ob- 
served an enhancement in $'~ ya ± K :r Kj > at M(nKK) 
- 2980 ±8 MeV. 15 We do not observe a signal in 
j/$~yn a K*K~ in this mass range, with an upper 
limit of 1.5 x 10 -* (90%C.L.). Comparison of 
these two results awaits a reliable determination 
of R(J/ip~yT} c candidate). 

In summary, an n c candidate state Is observed 
with mass 2978 ±9 MeV. This estimate of the 
mass is obtained by averaging the masses deter- 
mined from the inclusive and exclusive decays. 
The error shown is primarily systematic. The 
upper limit on the width of the state of T < 20 MeV 
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% C.L.) is consistent with the value of 5 MeV 
preferred by lowest-order quantum chromody- 
namics theory. 3 Final identification of this state 
as the pseudoscalar hyperfine partner of the j/ip 
will depend on the determination of J p and 0", and 
approximate agreement between the experimental- 
ly measured transition rate from the j/4> and the 
value predicted by the charmonium model. 1 
We gratefully acknowledge the efforts of 
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M. L. Perl, G. S. Abrams, A. M. Boyarski, M. Breidenbach, D. D. Briggs, F. Bulos, W. Chinowsky, 

J. T. Dakin,T G. J. Feldman, C. E. Friedberg, D. Fryberger, G, Goldhaber, G. Hanson, 

F. B. Heile, B. Jean-Marie, J. A. Kadyk, R. R. Larsen, A. M. Litke, D. Luke, J 

B. A. Lulu, V. Liith, D. Lyon, C. C. Morehouse, J. M. Paterson, 

F. M. Pierre, § T. P. Pun, P. A. Rapidis, B. Richter, 

B. Sadoulet, R. F. Schwitters, W. Tanenbaum, 

G. H. Trilling, F. VannucciJ J. S. Whitaker, 

F. C. Winkelmann, and J. E. Wiss 

Lawrence Berkeley Laboratory and Department of Physics, University of California, Berkeley, Calif omia 94720 , 

and Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305 

(Received 18 August 1975) 

We have found events of the form e + +e~-*e ± +/x T + missing energy, in which no other 
charged particles or photons are detected. Most of these events are detected at or above 
a center-of-mass energy of 4 GeV. The missing-energy and missing-momentum spectra 
require that at least two additional particles be produced in each event. We have no con- 
ventional explanation for these events . 

We have found 64 events of the form of the detector, or particles very difficult to de- 

+ . , f ._„ , , , , ... ,,, tect such as neutrons, K,° mesons, or neutrinos, 

e +e - e + u + ^ 2 undetected particles (1) __ . , ., . , 

Most of these events are observed at center-of- 

for which we have no conventional explanation. mass energies at, or above, 4 GeV. These events 

The undetected particles are charged particles were found using the Stanford Linear Accelerator 

or photons which escape the 2.6w sr solid angle Center- Lawrence Berkeley Laboratory (SLAC- 
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LBL) magnetic detector at the SLAC colliding- 
beams facility SPEAR. 

Events corresponding to (1) are the signature 
for new types of particles or interactions. For 
example, pair production of heavy charged lep- 
tons 1 " 4 having the decay modes l~ — v l +e" +n e , 
I* -~v l +e* + v e , l' -w,+ y" + !/(,, and I*- v l + y* 
+ v f would appear as such events. Another possi- 
bility is the pair production of charged bosons 
with decay s B "~ e '+ v e , B* —e* +v e , B~ - y~ 
+ ?j,, and£*-(i* + i' ( ,. Charmed-quark theories 5,6 
predict such bosons. Intermediate vector bosons 
which mediate the weak interactions would have 
similar decay modes, but the mass of such par- 
ticles (if they exist at all) is probably too large 7 
for the energies of this experiment. 

The momentum-analysis and particle-identifier 
systems of the SLAC -LBL magnetic detector 8 
cover the polar angles 50° «B« 130° and the full 
2w azimuthal angle. Electrons, muons, and had- 
rons are identified using a cylindrical array of 
24 lead-scintillator shower counters, the 20-cm- 
thick iron flux return of the magnet, and an ar- 
ray of magnetostrictive wire spark chambers 
situated outside the iron. Electrons are identi- 
fied solely by requiring that the shower-counter 
pulse height be greater than that of a 0.5-GeV e. 
Incidently, the e's in the e-y events thus selected 
give no signal in the muon chambers; and their 
shower-counter pulse-height distribution is that 
expected of electrons. Also the positions of the 
e's in the shower counters as determined from 
the relative pulse heights in the photomultiplier 
tubes at each end of the counters agree within 
measurement errors with the positions of the e 
tracks. Hence the e's in the e-y events are not 
misidentified combinations of y + y or n + y in a 
single shower counter, except possibly for a few 
events already contained in the background es- 
timates. Muons are identified by two require- 
ments. The y must be detected in one of the mu- 
on chambers after passing through the iron flux 
return and other material totaling 1.67 absorption 
lengths for pions. And the shower- counter pulse 
height of the y must be small. All other charged 
particles are called hadrons. The shower count- 
ers also detect photons (y). For y energies above 
200 MeV, the y detection efficiency is about 95%. 

To illustrate the method of searching for events 
corresponding to Reaction (I), we consider our 
data taken at a total energy (Vs) of 4.8 GeV. This 
sample contains 9550 three-or-more-prong events 
and 25 300 two-prong events which include e* +e~ 
— e + + e " events, e * +e~ — y + + y~ events, two- 



prong hadronic events, and the e-y events de- 
scribed here. To study two-prong events we de- 
fine a coplanarity angle 



u copl - 



•(n,Xn„ + Hn 2 Xn (!+ )/ 



|n>nVI|n>n>|, (2) 



where n^ n 2 , and n e + are unit vectors along the 
directions of particles 1, 2, and the e * beam. 
The contamination of events from the reactions 
e* +e~ — e + +e~ and e* +e~ — y* + y" is greatly re- 
duced if we require 6> copl >20°. Making this cut 
leaves 2493 two-prong events in the 4.8-GeV sam- 
ple. 

To obtain the most reliable e and y identifica- 
tion 9 we require that each particle have a momen- 
tum greater than 0.65 GeV/c. This reduces the 
2493 events to the 513 in Table I. The 24 e-y 
events with no associated photons, called the sig- 
nature events, are candidates for Reaction (1). 
The e-y events can come conventionally from the 
two- virtual-photon process 10 e + +e" — e* +e~ 
+ ju + + y". Calculations indicate that this source 
is negligible, and the absence of e-y events with 
charge 2 proves this point since the number of 
charge-2 e-y events should equal the number of 
charge-0 e-y events from this source. 

We determine the background from hadron mis- 
identification or decay by using the 9550 three-or- 
more-prong events and assuming that every par- 
ticle called an e or a y by the detector either was 
a misidentified hadron or came from the decay of 
a hadron. We use P h _, to designate the sum of 
the probabilities for misidentification or decay 
causing a hadron h to be called a lepton I. Since 
the P's are momentum dependent 9 we use all the 



TABLE I. 
tained at E t 
>0.65GeV/c, lp 2 i >0.65 GeV/c, and 



Distribution of 513 two-prong events, ob- 
c>m _ = 4.8 GeV, which meet the criteria Ip^l 



copl 



>20°. Events 



are classified according to the number Ny of photons 
detected, the total charge, and the nature of the parti- 
cles. All particles not identified as e or y are called 
h for hadron. 
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e-h, y-h, and h-h events in column 1 of Table I 
to determine a "hadron" momentum spectrum, 
and weight the P's accordingly. We obtain the 
momentum-averaged probabilities P ft _ e = 0.183 
±0.007 and P h ^ p = 0.198 ±0.007. Collinear e-e 
and ii-ii events are used to determine P e _ h 
= O.O56±0.02, P e _ (1 = 0.011±0.01, P^,= 0.08 
±0.02, andP (1 _„<0.01. 

Using these probabilities and assuming that all 
e-h and y-h events in Table I result from parti- 
cle misidentifications or particle decays, we cal- 
culate for column 1 the contamination of the e-y 
sample to be 1.0 ± 1.0 event from misidentified 
e-e, 11 <0.3 event from misidentified y-y, n and 
3.7 ±0.6 events from h-h in which the hadrons 
were misidentified or decayed. The total e-y. 
background is then 4. 7 ± 1.2 events. 12,13 The sta- 
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1 1 
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*4(g« 2 ) 




(c) 
= 180° 



.0 0.6 0.2 -0.2 -0.6 -1.0 
cos 0 CO |, 

FIG. 1. Distribution for the 4.8-GeV e-p signature 
events of (a) momenta of the e (p e ) and p. (p^); (b) square 
of the invariant mass (M ?) and square of the missing 
mass (M m 2 ); and (c) costf,^. 



tistical probability of such a number yielding the 
24 signature e-y. events is very small. The same 
analysis applied to columns 2 and 3 of Table I 
yields 5.6 ± 1.5 e-y background events for column 
2 and 8.6± 2.0 e-y. background events for column 
3, both consistent with the observed number of 
e-y events. 

Figure 1(a) shows the momentum of the y ver- 
sus the momentum of the e for signature events. 14 
Both pn and p e extend up to 1.8 GeV/c, their av- 
erage values being 1.2 and 1.3 GeV/c, respective- 
ly. Figure 1(b) shows the square of the invariant 
e-y. mass (M ( 2 ) versus the square of the missing 
mass (M m 2 ) recoiling against the e-y. system. To 
explain Fig. 1(b) at least two particles must es- 
cape detection. Figure 1(c) shows the distribu- 
tion in collinearity angle between the e and y 
(cose^^-pVp^/lpJIp,,!). The dip near cose con 
= 1 is a consequence of the coplanarity cut; how- 
ever, the absence of events with large 6 coU has 
dynamical significance. 

Figure 2 shows the observed cross section in 
the range of detector acceptance for signature 
e-y. events versus center-of-mass energy with 
the background subtracted at each energy as de- 
scribed above. 9 There are a total of 86 e-y. events 
summed over all energies, with a calculated 
background of 22 events. 12 The corrections to ob- 
tain the true cross section for the angle and mo- 
mentum cuts used here depend on the hypothesis 
as to the origin of these e-y events, and the cor- 
rected cross section can be many times larger 
than the observed cross section. While Fig. 2 
shows an apparent threshold at around 4 GeV, 
the statistics are small and the correction fac- 
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tors are largest for low Vs. Thus, the apparent 
threshold may not be real. 

We conclude that the signature e-\j, events can- 
not be explained either by the production and de- 
cay of any presently known particles or as com- 
ing from any of the well-understood interactions 
which can conventionally lead to an e and a p. in 
the final state. A possible explanation for these 
events is the production and decay of a pair of 
new particles, each having a mass in the range 
of 1.6 to 2.0 GeV/c 2 . 
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llr rhese contamination calculations do not depend upon 
the source of the e or y,; anomalous sources lead to 
overestimates of the contamination. 

12 Using only events in column 1 of Table I we find at 
4.8 GeV P h ^ e ~0.27±0.10, P A * M = 0.23 ± 0.09, and a 
total e-fj. background of 7.9 ±3.2 events. The same 
method yields a total e-\L background of 30 ±6 events 
summed over all energies. This method of background 
calculation (Ref . 9) allows the hadron background in the 
two-prong, zero-photon events to be different from that 
in other types of events. 

!3 Our studies of the two-prong and multiprong events 
show that there is no correlation between the misidenti- 
fication or decay probabilities; hence the background is 
calculated using independent probabilities. 

14 Of the 24 events, thirteen are e + +/i" and eleven are 
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Observation in e + e Annihilation of a Narrow State at 1 865 MeV/c 2 
Decaying to Kir and Kmnr f 

G. Goldhaber,* F. M. Pierre.t G. S. Abrams, M. S. Alam, A. M. Boyarski, M. Breidenbach, 

W. C. Carithers, W. Chinowsky, S. C. Cooper, R. G. DeVoe, J. M. Dorfan, G. J. Feldman, 

C. E. Friedberg, D. Fryberger, G. Hanson, J. Jaros, A. D. Johnson, J. A. Kadyk, 

R. R. Larsen, D. Luke,§ V. Liith, H. L. Lynch, R. J. Madaras, C. C. Morehouse, II 

H. K. Nguyen,** J. M. Paterson, M. L. Perl, I. Peruzzi,tt M. Piccolo ,tt 

T. P. Pun, P. Rapidis, B. Richter, B. Sadoulet, R. H. Schindler, 

R. F. Schwitters, J. Siegrist, W. Tanenbaum, G. H. Trilling, 

F. Vannucci.tt J. S. Whitaker, and J. E. Wiss 

Lawrence Berkeley Laboratory and Department of Physics, University of California, Berkeley, California 94720, 

and Stanford Linear Accelerator Center, Stanford University , Stanford, California 94305 

(Received 14 June 1975) 

We present evidence, from a study of multihadronic final states produced in e*e~ annihi- 
lation at center-of-mass energies between 3.90 and 4.60 GeV, for the production of a new 
neutral state with mass 1865± 15 MeV/c 2 and decay width less than 40 MeV/c 2 that decays 
to It*** and K* tr*it* it* . The recoil-mass spectrum for this state suggests that it is pro- 
duced only in association with systems of comparable or larger mass. 

We have observed narrow peaks near 1.87 GeV/ and its decay width (full width at half-maximum) 
c 2 in the invariant -mass spectra for neutral com- is less than 40 MeV/c 2 (90% confidence level), 
binations of the charged particles K 4 tt ¥ (Kit) and The state appears to be produced only in associa- 
K i it' f T! ± ii' f (KSir) produced in e + e" annihilation. tion with systems of comparable or higher mass. 
The agreement in mass, width, and recoil-mass Our results are based on studies of multihad- 
spectrum for these peaks strongly suggests they ronic events recorded by the Stanford Linear Ac- 
represent different decay modes of the same ob- celerator Center-Lawrence Berkeley Laboratory 
ject. The mass of this state is 186 5 ± 15 MeV/c 2 magnetic detector operating at the colliding-beam 
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facility SPEAR. Descriptions of the detector and 
event-selection procedures have been published. 1 ' 2 

A new feature in our analysis is the use of time 
of flight (TOF) information to help identify had- 
rons. The TOF system includes 48 2.5 cmx20 
cmx260 cm Pilot Y scintillation counters ar- 
ranged in a cylindrical array immediately out- 
side the tracking spark chambers at a radius of 
1.5 m from the beam axis. Both ends of each 
counter are viewed by Amperex 56DVP photomul- 
tiplier tubes (PM); anode signals from each PM 
are sent to separate time-to-digital converters 
(TDC's), analog-to-digital converters, and latch- 

800 



600 



es. Pulse-height information is used to correct 
times given by the TDC's. The collision time is 
derived from a pickup electrode that senses the 
passage of the 0.2-nsec-long beam pulses; the 
period between successive collisions is 780 nsec. 
Run-to-run calibrations of the TOF system are 
performed with Bhabha scattering (e*e~ — e*e~) 
events. The rms resolution of the TOF system 
is 0.4 nsec. 

Evidence for a new state in the Kit system was 
found among 29 000 hadronic events collected at 
center-of-mass (cm.) energies between 3.90 and 
4.60 GeV. As shown by the top row of Fig. 1, a 
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FIG. 1. Invariant-mass spectra for neutral combinations of charged particle, (a) jt + tt" assigning tt mass to all 
tracks, (b) K^ir* assigning X"and it masses to all tracks, (c) K*K~ assigning JTmass to all tracks, (d) ir+jr" weight- 
ed by 7T7T TOF probability, (e) K" 1 ^ weighted by Kit TOF probability, (f) K*K" weighted by fflfTOF probability, 
(g) 7r+7r"Tr + jr" weighted by 4ir TOF probability, (h) K ± -ir' r ir ± ir r weighted by K3it TOF probability, (i) K*K~Tt*ir' weighted 
by iCK7T7r TOF probability. 
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significant signal 3 appears when we simply con- 
sider invariant-mass spectra for all possible 
neutral combinations of two charged particles 
assuming both it and K masses for the particles 
as was done in our previous search for the pro- 
duction of narrow peaks. 4 Through kinematic re- 
flections, the signal appears near 1.74 GeV/c 2 
for the jrV hypothesis [Fig. 1(a)], 1.87 GeV/c 2 
in the case of K*ir' or K'tt* [Fig. 1(b)], and 1.98 
GeV/c 2 for K*K~ [Fig. 1(c)]. 

To establish the correct choice of final-state 
particles associated with these peaks , we use the 
TOF information. Because the typical time dif- 
ference between a it and a if in the if jr signal is 
only about 0.5 nsec, we have used the following 
technique to extract maximal information on par- 
ticle identity. First, tracks are required to have 
good timing information from both PM's, consis- 
tent with the extrapolated position of the track in 
the counter. Next, each track is assigned prob- 
abilities that it is a it or if ; they are determined 
from the measured momentum and TOF assum- 
ing a Gaussian probability distribution with stan- 
dard deviation 0.4 nsec. Tracks with net (17 plus 
if) probability less than 1% are rejected. 5 Then, 
the relative ir-if probabilities are renormalized 
so that their sum is unity, and two-particle com- 
binations are weighted by the joint probability 
that the particles satisfy the particular it or if 
hypothesis assigned to them. In this way, the to- 
tal weight assigned to all itit, if7r, andifif combi- 
nations equals the number of two-body combina- 
tions and no double counting occurs. 

Invariant-mass spectra weighted by the above 
procedure are presented in the second row of Fig. 
1. We see that the Kir hypothesis [Fig. 1(e)] for 
the peak at the Kit mass 1.87 GeV/c 2 is clearly 
preferred over either n*tt" [Fig. 1(d)] or K*K~ 
[Fig. 1(f)]. The areas under the small peaks re- 
maining in the it*n~ and if + if" channels are con- 
sistent with the entire signal being if7r and the re- 
sulting misidentification of true Kit events expect- 
ed for our TOF system. From consideration of 
possible residual uncertainties in the TOF cali- 
bration, we estimate that the confidence level for 
this signal to arise only from it*tt~ or if + if " is 
less than 1%. Assuming the entire signal in Figs. 
l(d)-l(f) to be in the if it channel, we find a total 
of 110± 25 decays of the new state; the signifi- 
cance of the peak in Fig. 1(e) is greater than 5 
standard deviations. No signal occurs in the cor- 
responding doubly charged channels. 

Evidence for the decay of this state to neutral 
combinations of a charged if and three charged 



it's is presented in the third row of Fig. 1. Again, 
we employ the TOF weighting technique discussed 
above; the hadron event sample is the same as 
that used for the Kit study. Four-body mass com- 
binations are weighted by their joint 7r-if prob- 
abilities. In order to recover tracks when an ex- 
tra particle is present in the TOF counter, or 
when they miss a counter, all tracks failing the 
timing quality criteria are called it. 

As can be seen in Fig. 1(h), a clear signal is 
obtained in theif37r system at a mass near 1.86 
GeV/c 2 . No corresponding signal is evident at 
this mass or the appropriate kinematically re- 
flected mass for either the it*it~n + tt~ or K*K'tt*it" 
systems. We estimate the number of K3it decays 
in the 1.86-GeV/c 2 peak to be 124± 21, an effect 
of more than 5 standard deviations. Again, there 
is no signal in the corresponding doubly charged 
channel . 

To determine the masses and widths of the 
peaks in the Kit and if3jr mass spectra, we have 
fitted the data represented by Fig. 1 with a Gauss- 
ian for the peak and linear and quadratic back- 
ground terms under various conditions of bin 
size, event-selection criteria, and kinematic 
cuts. Masses for the if 77 signal center at 1870 
MeV/c 2 ; those for the if 3tt signal center at 1860 
MeV/c 2 . The spread in central-mass values for 
the various fits is ± 5 MeV/c 2 . Within the statis- 
tical errors of ± 3 to 4 MeV/c 2 , the widths ob- 
tained by these fits agree with those expected 
from experimental resolution alone. From Monte 
Carlo calculations we expect a rms mass resolu- 
tion of 25 MeV/c 2 for theifn- system and 13 MeV/ 
c 2 for the if 3jr system. Systematic errors in mo- 
mentum measurement are estimated to contribute 
a ± 10-MeV/c 2 uncertainty in the absolute mass 
determination, and can account for the 10-MeV/ 
c 2 mass difference observed between the ifrr and 
K3it systems. Thus, both signals are consistent 
with being decays of the same state and, from 
our mass resolution, we deduce a 90%-confidence- 
level upper limit of 40 MeV/c 2 for the decay width 
of this state. 

In Fig. 2, we show the spectra of masses recoil- 
ing against neutral Kit and if 3tt systems in the sig- 
nal region. The entries are weighted by the TOF 
likelihood as discussed above. Background esti- 
mates are obtained by plotting smooth curves 
corresponding to the recoil spectra for if it and 
if 3tt invariant -mass combinations in bands on ei- 
ther side of the signal region. The normaliza- 
tions of these curves are fixed by the areas of 
the respective control regions. 



257 



G. Goldhaber et al. 



291 



Volume 37, Number 5 



PHYSICAL REVIEW LETTERS 



2 August 1976 



0f\ 


[ 


(o) 

1 


- jfi 


(b) - 

V 



RECOIL MASS (GeV/c 2 ) 

FIG. 2. Recoil-mass spectra for combinations in the 
Kit and K3rr peaks. Smooth curves are estimates of the 
background obtained from combinations whose invariant 
masses are on either side of the peak mass region, 
(a) K t ir' r , peak mass region of 1.84 to 1.90 GeV/c 2 and 
background mass regions of 1.70 to 1.82 GeV/c 2 and 
1.92 to 2.04 GeV/c 2 . (b) JT i ff f ir i ir ;f , peak mass region 
of 1.84 to 1.88 GeV/c 2 and background mass regions of 
1.74 to 1.82 GeV/c 2 and 1.90 to 1.98 GeV/c 2 . 



From Fig. 2 we find no evidence for the produc- 
tion of recoil systems having masses less than 
or equal to 1.87 GeV/c 2 in either spectrum. The 
Kir data of Fig. 2(a) show a large signal for re- 
coil masses in the range 1.96 to 2.20 GeV/c 2 with 
contributions up to 2.5 GeV/c 2 . Theif37r recoil- 
mass spectrum [Fig. 2(b)] has more background, 
but appears to be consistent with the Kir spec- 
trum. These spectra suggest that the Kir and K3ir 
systems are produced with thresholds occuring 
above 3.7-GeV cm. energy; more detailed in- 
terpretations of Fig. 2 are made difficult by the 
broad range of cm. energies over which this da- 
ta sample was collected. 

As a further test of this apparent threshold be- 
havior, we have examined 150000 multihadronic 
events collected at the tp mass (B &m = 3.1 GeV) 



and 350 000 events at the f mass (E c 



= 3.7 



GeV) for Kir and K3it signals near 1.87 GeV/c 2 . 
Because of the large cascade decay rate 6 of ip' to 
ip and the large second-order electromagnetic de- 



cay rate 7 of the ip, the resonance events contain 
72 000 examples of hadron production by a virtual 
photon of cm. energy 3.1 GeV. From fits to in- 
variant-mass spectra (with the signal mass near 
1.87 GeV/c 2 ) we find no Kn signal larger than 0.3 
standard deviations and no K3ir signal larger than 
1.2 standard deviations in this large sample of 
events. The upper limits (90% confidence level) 
are 60 events for the if it signal and 200 events 
for the K3ir signal. 

The threshold behavior noted above as well as 
the narrow widths argue against the interpreta- 
tion of the structure in Fig. 1 as being a conven- 
tional K* , e.g. , the strange counterpart of the 
#(1680). 

Preliminary Monte Carlo calculations to esti- 
mate detection efficiencies for two modes have 
been performed; present systematic uncertain- 
ties in these detection efficiencies could be as 
large as ± 50%. Our estimate of the cross sec- 
tion times branching ratio crB (errors quoted are 
statistical) averaged over our 3.9-4.6-GeV cm. 
energy data is 0.20± 0.05 nb for the Kir mode and 
0.67± 0. 11 nb for the K "Sir mode. These are to be 
compared with the average total hadronic cross 
section o- r in this energy region 8 of 27 ± 3 nb. We 
have also searched for these signals in the events 
at higher cm. energies. In our previous search 
for the production of narrow peaks 4 at 4.8 GeV, 
there was a small K ir signal at 1.87 GeV/c 2 cor- 
responding to a oB of 0.10± 0.07 nb. This signal 
set the upper limit quoted in the paper (o\B<0.18 
nb for the Kir system of mass between 1.85 and 
2.40 GeV/c 2 ) but lacked the statistical signifi- 
cance necessary to be considered a convincing 
peak. The value of o> at 4.8 GeV is 18± 2 nb. 2 
In the cm. energy range 6.3 to 7.8 GeV the Kir 
oB is 0.04±0.03 nb and the average a T is 10± 2 
nb. 

In summary, we have observed significant 
peaks in the invariant-mass spectra of K i t r and 
K ± n' r ir*ir' that we associate with the decay of a 
state of mass 1865± 15 MeV/c 2 and width less 
than 40 MeV/c 2 . The recoil-mass spectra indi- 
cate that this state is produced in association 
with systems of comparable or larger mass. 

We find it significant that the threshold energy 
for pair-producing this state lies in the small in- 
terval between the very narrow ip' an d the broad- 
er structures present ine + e' annihilation near 
4 GeV. 8 In addition, the narrow width of this 
state, its production in association with systems 
of even greater mass, and the fact that the de- 
cays we observe involve kaons form a pattern of 
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Quarks, Gluons, and Jets 



The quanta of quantum chromodynamics, 1974-1982. 

The striking success of the parton model in describing deep inelastic-nucleon and 
neutrino-nucleon scattering provided strong circumstantial evidence for the Feynman- 
Bjorken picture and for its complete elaboration as quantum chromodynamics (QCD). 
QCD describes all strong interactions as resulting from the interactions of spin- 1/2 quarks 
and spin-1 gluons. The fundamental coupling is of the gluon to the quarks, in a fashion 
analogous to the coupling of a photon to electrons. In addition, the gluons couple directly 
to each other. SU(3) plays a central role. Just as in the Gell-Mann-Zweig model of 
hadrons, there are three basic constituents. The u quark, for example, comes in three 
versions, say, red, blue, and green. Similarly, every other kind of quark comes in these 
three versions or "colors." Often it is convenient to refer to u, d, s, and c as "flavors" of 
quarks, to contrast with the three colors in which every flavor comes. While the SU(3) 
of flavor is an approximate symmetry, the SU(3) of color is an exact symmetry, thus the 
three colors of the u quark are exactly degenerate in mass, while the u, d, and s quarks are 
not degenerate. 

The rules of SU(3) state that if we combine a 3 (a quark) with a 3* (an antiquark), we 
get 1 + 8, a singlet and an octet. In terms of mesons, this explains that combining the three 
quark flavors (u, d, s) with the three antiquark flavors yields an SU(3) singlet (?/) and an 
octet (the pseudoscalar octet of n, K, rf). SU(3) color works the same way. Suppose we 
take red, blue, and green u quarks and combine them with antired, antiblue, and antigreen 
d quarks. We get nine combinations, each of which is ud. One linear combination is a color 
singlet and the eight others form a color octet. The gluons are octets of color. From the 
rule 3 x 3* = 1 + 8 we learn that a quark (3) and an antiquark (3*) of the same flavor can 
combine to make a gluon (8). 

It was an initial postulate of QCD that only color singlet objects could appear as physical 
particles. Thus the jt + would be the color singlet combination of ud, while the remain- 
ing eight combinations would not correspond to physically observed states. Combining 
three quarks is described by the SU(3) relation 3x3x3= 1 + 8 + 8+10. When 
applied to the SU(3) of u, d, and s, this means that baryons should come in 1-, 8-, and 10- 
dimensional representations. Indeed, these are the representations observed, while mesons 
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are not observed in 10-dimensional representations. When applied to color SU(3), the rela- 
tion shows that there is one way to combine three colors to make a color singlet. This single 
way corresponds to the antisymmetric combination of the three elements, rbg — rgb + 
grb — gbr + bgr — brg. The combinations producing nonsinglet states do not correspond 
to physical particles. Indeed an initial impetus for introducing three colors was to explain 
how the A ++ (1232) could be a low-lying state. Since it is a uuu and presumably entirely 
s-wave (as are all lowest-lying states), its wave function is apparently symmetric under 
interchange of any two quarks. This is not allowed for fermions. A solution to this puzzle 
was proposed in 1964, before the development of QCD by O. W. Greenberg who added 
to the other quantum numbers of the quark an index that could take on three values. This 
index is equivalent to the color quantum number. The color singlet combination of three 
colors is completely antisymmetric thus making the overall wave function satisfy the Pauli 
principle. 

A single quark cannot be a color singlet and thus should not occur as a physical particle. 
This property is called "confinement." The quarks are confined inside physical hadrons, 
which are always color singlets. 

The e + e~ annihilation process produces a virtual photon which according to the quark- 
parton model couples to the various quarks according to their electric charges. It couples 
to each color of quark equally. Suppose that the virtual photon produces a uu pair that is 
red-antired. These quarks will be receding from each other rapidly if the energy of the 
collision is large. Why do they not emerge as isolated quarks? According to QCD, the force 
between the quarks becomes a constant for large separation. Thus the potential energy 
is proportional to the separation. When this is large enough, it is energetically favorable 
to produce a new quark-antiquark pair out of the vacuum, thus reducing the separation 
between the quark and the antiquark. Suppose this new pair is located so that its antiquark 
is near the original quark. These may bind to form a meson. The unpaired new quark is still 
receding from the initial antiquark so it may become favorable to create another new pair. 
This continues until all the quarks and antiquarks are paired. A similar mechanism permits 
the creation of baryons. 

If the quarks are never free, how can they be observed? Of course they were observed 
indirectly in deep-inelastic scattering. However, the parton model and QCD indicated that 
more direct evidence should be obtained by studying certain reactions, the simplest being 
e + e~ annihilation. While the produced quarks could not be seen, the initial quarks should 
materialize into jets of hadrons moving nearly along the directions of the quarks. In a very 
high energy collision, the hadrons would lie nearly along this single axis, with momenta 
transverse to it of a few hundred MeV. This estimate was derived from the observation that 
in most hadronic collisions at high energy, the transverse momentum of the secondaries 
rarely exceeded this amount. 

In an idealized picture, the annihilation of the electron and positron would occur into 
fi + IJ.~ pairs and quark-antiquark pairs with frequencies proportional to the squares of the 
final particle charges. The hadronic final states would come from u, d, and s quarks with 
probabilities proportional to 3(2/3) 2 , 3(— 1/3) 2 , 3(— 1/3) 2 , relative to 1 for the muons. 
The factor 3 arises from the three possible colors. The ratio of the hadronic to muonic final 
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states is called R and is thus predicted to be 2 if there are three quarks and three colors. 
This prediction failed in a spectacular way, as described in the previous chapter. Ultimately, 
the prediction for R was verified at energies away from the \[r resonances and provided 
one of the best pieces of evidence for the correctness of QCD. See Fig. 10.1. A second 
prediction is that the angular distribution of the muons and the quarks should be 1 + cos 2 9 , 
relative to the direction of the electron and positron beams. Of course, the direction of the 
quarks cannot be measured since the quarks are never seen. However, there is an axis for 
each event, defined by the initial quark direction. This axis is obscured by the transverse 
momentum acquired by the final-state particles in the "hadronization," in which the initial 
quarks become hadrons. At sufficiently high energy the axis is clear, but at low energy, 
the momentum of the final-state particles is not much more than the few hundred MeV 
anticipated for transverse momentum. 

Evidence for jets arising from quarks was first obtained by comparing data taken at 
various center-of-mass energies (Ref. 10.1), using the SLAC-LBL Mark I detector at the 
SPEAR storage ring located at SLAC. Since the jets could not be discerned by simply 
looking at the pattern of outgoing tracks, it was necessary to define an algorithm for defin- 
ing the jet axis. The one selected was that originally proposed by Bjorken and Brodsky. 
The axis was taken to be the direction such that the sum of the squares of the momenta 
transverse to the axis was a minimum. For each event, such an axis could be found. Each 
event was assigned a value of the "sphericity" defined to be 

S= 3 ^' Pi -' , (10.1) 

2Z;Pf 

where pj_,- is the momentum of the ith particle perpendicular to the sphericity axis. A 
completely jetlike event with outgoing particles aligned precisely with the axis would have 
S — 0. An isotropic event would have 5^1. An alternative variable that characterizes 
e + e~ events is "thrust." Events with two, well-defined, back- to-back jets have thrust near 1. 
Spherical events have thrust near 0. 

There are two predictions that can be made. First, as the energy increases, the events 
should become more jetlike so the sphericity should decrease. More importantly, the 
jet axis should have an angular distribution identical to that for muons. To test the first 
prediction the sphericity measured at SPEAR was compared at 3.0, 6.2, and 7.4 GeV 
center-of-mass energy to the predictions of two models, one using an isotropic phase space 
distribution and one simulating the parton model, with limited transverse momentum 
relative to the event axis. At 3.0 GeV both models adequately described the sphericity 
distribution, but at the higher energies only the jetlike parton model succeeded. 

Because the Mark I detector was limited in its acceptance in the polar angle, high statis- 
tical accuracy was required to test directly the prediction do jdQ. ex 1 + cos 2 9 . However, 
since the beams at SPEAR were polarized at 7.4 GeV, with electron polarization parallel to 
the magnetic field responsible for the bending of the beams, another approach was avail- 
able. If the beams were completely polarized, the angular distribution in e + e~ —*■ [i + \x~ 
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Figure 10.1. Data for e + e~ annihilation into hadrons as a function of the cm. energy, including 
results at v^ = 50 GeV and 52 GeV from the TRISTAN storage ring located at the KEK Lab- 
oratory in Japan: above, results from the TOPAZ Collaboration, [I. Adachi et at, Phys, Rev. Lett. 
60, 97 (1988)]; below, results from the AMY Collaboration [H. Sagawa et ah, Phys. Rev. Lett. 60, 
93 (1988)]. Also shown are results obtained at lower energy machines. The basic prediction of the 
quark-parton model, including the fe-quark discussed in the next Chapter, is R — 11/3. QCD radia- 
tive corrections and contributions from the Z (discussed in Chapter 12) increase this, and account 
for the rising prediction at higher cm. energies. If there were a sixth quark with low enough mass 
to be pair-produced in this energy region, the value of R would jump as indicated by the curves. 
Extensive searches at PETRA found no evidence for a sixth quark up to «fs~ = 46 GeV. The searches 
at TRISTAN also show no evidence of a new quark. 
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would be 

da/dQ oc 1 + cos 2 # + sin 2 £cos20, (10.2) 

where </> is the azimuthal angle measured from the plane of the storage ring. If the degree 
of polarization of each beam is P, then 

da/dQ. oc (1 - P 2 )(l + cos 2 9) + P 2 (l + cos 2 0 + sin 2 9 cos 20) 

oc l + cos 2 (9 + P 2 sin 2 £cos2</>. (10.3) 

This behavior had been confirmed in earlier measurements of the /j, + fi~ final state by 
Mark I at SPEAR. The angular distribution for the hadronic jets would be expected to be 
the same if the quarks could be regarded as nearly massless spin- 1/2 objects with purely 
pointlike (Dirac) couplings. If, on the other hand, the partons were spin-0, the expected 
distribution would be 

da/dQ oc 1 - cos 2 9 - P 2 sin 2 9 cos 20. (10.4) 

These two cases are the extremes. The Dirac coupling of relativistic spin- 1/2 particles to 
the photon produces a "transverse cross section" in that the electromagnetic current matrix 
element is perpendicular to the outgoing quark direction, while the coupling of the spin-0 
particles to the photon produces a "longitudinal cross section" with the current parallel to 
the outgoing parton direction. The most general form is 

da/dQ oc 1 + a cos 2 9 + P 2 a sin 2 9 cos 20, (10.5) 

where— 1 < a < 1. The square of the polarization was measured to be P 2 — 0.47±0.05 at 
7.4 GeV using the e + e~ — > /j. + /j,~ process. The hadronic jets gave an angular distribution 
with a — 0.45 ± 0.07. After correcting for detector effects, this became a = 0.78 ± 0.12 
at 7.4 GeV, near the value a — 1 predicted for the purely spin- 1/2 case. Previously, the 
Mark I collaboration had measured the angular distribution of produced hadrons, rather 
than the distribution of the sphericity axis, relative to the beam (Ref. 10.2). There too, 
the azimuthal dependence indicated that the underlying partons that coupled to the virtual 
photon produced in e + e~ annihilation had spin 1/2. 

QCD not only encompasses the quark model, it predicts deviations from the simplest 
form of that model, as discussed in Chapter 8. Deviations from scaling in deep inelastic 
lepton scattering were predicted using "asymptotic freedom," a property of the theory that 
states that at high momentum transfer, the coupling between the quarks and the gluons 
becomes small. This means that in this regime, predictions can be made on the basis of 
perturbation theory, just as they are in quantum electrodynamics (QED). There are two pri- 
mary differences. Instead of a «s 1/137, the coupling is a s (Q 2 ), a function of the momen- 
tum transfer, Q 2 . Typically, in the region where perturbation theory applies, a s (Q ) «s 
0.1 — 0.2. Secondly, unlike photons, gluons can couple to themselves. 
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Actually, the a used in QED can also be thought of as a function of the momentum 
transfer. Because of vacuum polarization, the force between two point charges with sepa- 
ration r is not just a/r 2 , but is more accurately a[l + af(r)]/r 2 , where f(r) represents 
the effect of vacuum polarization and is important for r less than the Compton wavelength 
of the electron. The vacuum polarization in QED increases the force between charges as 
the distance between them decreases, or equivalently, as the momentum transfer increases. 
In QCD, the behavior is just the opposite. The coupling gets weaker as the momentum 
transfer increases. The leading behavior can be expressed as 

, An 
Us(Q) = s o-, (10.6) 

where n f is the number of quark flavors (u, d, s, etc.) with mass less than Q/2 and A is a 
parameter to be determined experimentally, and is typically found to be about 200 MeV. 

The basic process in e + e~ annihilation into hadrons is, according to the quark-parton 
model, e + e~ — ► y* — >• qq. In addition, there are corrections that produce e + e~ — >• y* — ► 
qqg, where g is a gluon. The cross section for this is of order a s relative to the process in 
which no gluon is produced. It is conventional to define scaled variables x, = Ej/E, where 
the energies of the q, q, and g are E\, Ei, and £3, and the electron and positron beam 

-X3 —2. If <7o represents the cross section for e + e~ — ► qq, 
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The cross section is seen to diverge if jci — >■ 1 or xi — *■ 1. These limits obtain when the 
gluon is parallel to either the quark or antiquark, or if X3 goes to zero. If the gluon and the 
quark are moving in nearly the same direction, it becomes difficult to discern that the gluon 
is present: the qqg state merges into the qq state. 

While the qqg state could be produced at the energy available at SPEAR or DORIS (an 
e + e~ collider at DESY with an energy similar to that at SPEAR), we have already seen 
that the jets in qq could just barely be distinguished there. To identify qqg states required 
higher energy. This was achieved first at PETRA, an e + e~ collider located at DESY, which 
was able to reach more than 30 GeV total center-of-mass energy. 

PETRA had four intersection regions. These were initially occupied by the TASSO, 
PLUTO, MARK J, and JADE detectors. All found evidence for the qqg final state (Refs. 
10.3, 10.4, 10.5, 10.6). Some data from MARK J, PLUTO, and JADE are shown in 
Figures 10.2, 10.3, and 10.4. The TASSO collaboration defined three orthogonal axes, ni, 
112, and 113, for each event. The direction 113 was the sphericity axis, the one relative to 
which the sum of the squares of the transverse momenta was minimal. The direction ni 
maximized the sum of the squares of the transverse momenta. The remaining axis was 
orthogonal to the other two. The 112-113 plane was thus such that the sum of the squares 
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Figure 10.2. Data from the MARK J detector showing the energy flow distribution projected onto a 
plane. Events showing the typical two-jet distribution are not included. The distance from the center 
to the data point is proportional to the energy deposited. The dashed line represents the expectation 
of a qqg model, (a) Projection on the plane of the thrust and major axes, (b) Projection on the plane 
of the thrust and minor axes. The thrust axis is similar to the sphericity axis while the major and 
minor axes are analogous to the directions 112 and nj defined in the text. (Ref. 10.4) 

of the momenta out of it was a minimum. This plane could be viewed as the event plane. 
Components perpendicular to the primary axis, in and out of the plane were defined: 



1 N 
<pl>ou, = -^(Pj-n l ) 2 



(10.8) 



;'=i 

N 



< A >in = ^ 2>; ■ n 2 ) 2 (10.9) 

7 = 1 

The experiment sought to distinguish between two possibilities. The first was that all 
e + e~ — ► hadron events were basically of the form e + e~ — ► qq, but as the jet energy 
increased, the jets became "fatter," i.e. had more transverse momentum relative to the jet 
axis. The second was that as energy increased, more and more events were due to e + e~ — > 
qqg. The data showed that at high energies, there were events with < p\ >,„ >> < 
p\ >out- This could be understood as the result of qqg final states, but not from qq 
final states. Some of the events displayed very clean three-jet topology, providing visual 
evidence for the existence of the gluon. 
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Figure 10.3. Track momentum vectors for a single event observed by the PLUTO collaboration, 
shown in three projections. The solid lines represent charged particles; the dashed lines, neutral 
particles. The dark bars show the inferred directions of the three jets. The upper left projection is 
onto a plane analogous to the 112-113 plane. The bottom projection corresponds to the ni-112 plane 
and the right projection to the 111-113 plane. (Ref. 10.5) 
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Figure 10.4. A three-jet event measured by the JADE Collaboration, viewed along the beam axis. 
[P. Soding and G. Wolf, Ann. Rev. Nucl. Part. ScL, 31, 231 (1981).] 
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According to QCD, the fundamental interactions of quarks are due to the exchange of 
gluons. However, these interactions are obscured because the coupling of the gluons to 
the quarks is large when the momentum transfer is small. Thus, many gluons are emitted 
and absorbed in low energy processes. In contrast, at high energies, when the momentum 
transfer is great, the coupling is small and a single exchange of a gluon may dominate the 
process. 

Experiments at Fermilab, using its 400 GeV proton beam, and the ISR, a proton-proton 
colliding beam machine at CERN capable of reaching about 60 GeV in the center of mass, 
sought to identify jets of particles with large transverse momentum. These could arise from 
the scattering of a quark from the incident proton by a quark from the target proton. The 
fundamental interaction is the exchange of a gluon between the quarks. This process is 
entirely analogous to the scattering of alpha particles observed by Geiger and Marsden in 
1909. Rutherford inferred from the large angle scattering the existence of a compact, hard 
nucleus inside the atom. Hadronic jets would support the evidence from electroproduction 
that inside the nucleon are more fundamental partons, the quarks and gluons. The difficulty 
was to identify the outgoing jets of particles. 

There is no a priori definition that specifies which outgoing particles should be grouped 
together in identifying a jet. Inevitably, the least energetic particles in a jet merge into 
the particles not associated with the jet. It is necessary in each experiment to set out an 
algorithm that defines a jet. This is an especially serious problem at lower energies where 
jet structures are not clear. Despite years of determined effort, the results from Fermilab 
and the ISR were not conclusive but only suggestive of jets. 

With the operation of the SppS Collider at CERN, the energies available increased enor- 
mously, to yfs — 540 GeV. Two large detectors, UA-1 and UA-2, were prepared to measure 
the anticipated high transverse momentum events with highly segmented calorimeters. 

Early results from the UA-2 detector showed unambiguous evidence for large transverse 
momentum jets (Ref. 10.7). The UA-2 detector featured one set of calorimeters covering 
from 40° to 140° in polar angle and a second set covering from 20° to 37.5° and from 
142.5° to 160°. The azimuthal coverage in the central region was 300° and consisted of 
200 cells. 

Since transverse momentum is the signal of interest, the energy measurements are con- 
verted to "transverse energy," Ej = E sin 6, where 6 is the polar angle between the beam 
direction and the jet, and E is the energy deposited into some portion of the detector. In 
lower energy experiments events with large total transverse energy E Ej were observed, 
but often the transverse energy was not localized into two distinct directions representing 
two jets, but rather was spread over a large portion of the total solid angle. The UA-2 col- 
laboration was able to provide evidence for well-defined jets at the high energy offered by 
the SppS Collider. 

To give an operational definition of a jet, the UA-2 collaboration defined a "cluster" of 
calorimeter cells as a set of contiguous cells each showing an energy deposit greater than 
400 MeV It was then found that as Y*Ej increased, a larger and larger fraction of the total 
was contained in the two clusters having the largest Ej . This was quite clear evidence for 
the long-sought-for jets. Some individual events showed strikingly clear evidence for the 
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jets, which could be displayed in "Lego" plots showing the energy deposited in the various 
calorimeter cells. A series of comparisons showed qualitative agreement with the two-jet 
picture. 

The measured distributions for high-transverse-momentum jets was in reasonable agree- 
ment with predictions made from QCD-based models. These models used quark and gluon 
distributions derived from deep inelastic scattering, together with cross sections calculated 
from perturbative QCD for the processes like qq — ► qq and gq —*■ gq. The fastest partons 
in a proton are quarks, so the very high transverse momentum events should arise from the 
qq — ► qq process. However, the cross sections for these events are small. At more modest 
transverse momenta, where there are more events, it is actually gg — >■ gg that is expected 
to dominate. This is so because of the large number of gluons in the structure functions 
at high Q 2 and at not too large x, and because the coupling of gluons to other gluons is 
stronger than the coupling of gluons to quarks. 

While high-precision tests were lacking, the qualitative features of the jets found at 
SPEAR, PETRA, and the SppS Collider confirmed the general predictions of QCD and 
established its applicability in both leptonically and hadronically induced processes. 



Exercises 

10.1 Using numerical methods, determine the fraction of e + e~ events that produce qqg, 
where x\, %i, x^ < 0.9. Suppose it is also required that E\, E%, £3 > 5 GeV. What 
fraction of e + e~ — ► hadrons events at E cm = 30, 60, 90 GeV satisfy this condition 
as well? Take a s =0.1. 

10.2 Consider the cross section for qq scattering if the quarks are of different flavors 
(e.g. u and d). The gluon coupling to quarks is completely analogous to the photon 
coupling with electrons, except that there is a matrix specifying the color interaction: 

where a, b — 1, 2, 3. The A,,-s, i — 1, . . . , 8 are 3x3 traceless matrices satisfying 

TrXikj=28ij i, 7 = 1, ...8, 

and g 2 — Atiu. s . Find da/dQ. for the elastic scattering relative to what it would be 
without color factors, remembering to average over initial states and sum over final 
states. 

10.3 Suppose the color gauge group were SO(3) (the rotation group) instead of S U (3) and 
suppose that the quarks came in three colors corresponding to the three-dimensional 
(vector) representation of S 0(3). Assume that hadrons must still be color singlets. 
Why would this not produce just the usual mesons and baryons? 
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10.4 * Verify that if the electrons and positrons are completely polarized with their spins 
perpendicular to the plane of the ring (antiparallel to each other), the angular distri- 
bution for e + e~ — >■ /x + /x~ is 

do I dQ. oc 1 + cos 2 6 + sin 2 6 cos 2(p 

where 9 measures the polar angle away from the beam direction and <p the azimuthal 
angle from the plane of the ring. [Consider the matrix element for producing the 
virtual photon, M. oc ve^y^u, where e is the polarization vector of the virtual photon 
and show that if the electron and positron spins are perpendicular to the plane of the 
ring, so is e. Then consider the matrix element for the decay into massless fermions, 
J\4 oc «(A;)e /x y /i i)(A:') and calculate |A^| 2 , summing over final-state spins to find the 
angular distribution.] Do the same for the final state with two spin-0 particles. The 
decay matrix element is proportional to (k — k')^^, where k and k' are the final-state 
momenta. 



Further Reading 

Extensive coverage of QCD is given in C. Quigg, Gauge Theories of the Strong, Weak, 
and Electromagnetic Interactions, Benjamin/Cummings, Menlo Park, CA, 1983, and 
Westview Press, 1997. See especially Chapter 8. 

A comprehensive treatment is given in R. K. Ellis, W. J. Stirling, and B. R. Webber, QCD 
and Collider Physics, Cambridge University Press, 1996. 

The polarization of electron and positron beams in storage rings caused by spin-flip emis- 
sion of synchrotron radiation is beautifully explained in J. D. Jackson, Rev. Mod. Phys. 
48, 417 (1976). 
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We have found evidence for jet structure in e^e'-^ hadrons at center-of-mass energies 
of 6.2 and 7.4 GeV. At 7.4 GeV the jet-axis angular distribution integrated over azimuthal 
angle was determined to be proportional to l + (0.78± O.12)cos 2 0. 

In quark -parton constituent models of elemen- In this Letter we report the evidence for the ex- 

tary particles, hadron production in e*e~ annihi- istence of jets and the angular distribution of the 

lation reactions proceeds through the annihilation jet axis. 

of the e* and e" into a virtual photon which sub- The data were taken with the Stanford Linear 

sequently produces a quark-parton pair, each Accelerator Center-Lawrence Berkeley Labora- 

member of which decays into hadrons. At suffi- tory magnetic detector at the SPEAR storage ring 

ciently high energy the limited transverse-mo- of the Stanford Linear Accelerator Center. Had- 

mentum distribution ol the hadrons with respect ron production, muon pair production, and Bha- 

to the original parton production direction, char- bha scattering data were recorded simultaneous - 

acteristic of all strong interactions, results in ly. The detector and the selection of events have 

oppositely directed jets of hadrons." The spins been described previously. 5 ' 6 The detector sub- 

of the constituents can, in principle, be deter- tended 0.65 x 4 -a sr with full acceptance in azl- 

mined from the angular distribution of the jets. muthal angle and acceptance in polar angle from 
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50° to 130°. We have used the large blocks of 
data at center-of-mass energies (E cm ) of 3.0, 
3.8, 4.8, 6.2, and 7.4 GeV. We included only 
those hadronic events in which three or more 
particles were detected in order to avoid back- 
ground contamination in events with only two 
charged tracks due to beam-gas interactions and 
photon-photon processes. 

To search for jets we find for each event that 
direction which minimizes the sum of squares 
of transverse momenta. 1 For each event we cal- 
culate the tensor 



T» B = S i (6» B p7-/> i C '/>i e ), 



(1) 



where the summation is over all detected parti- 
cles and a and /3 refer to the three spatial com- 
ponents of each particle momentum p ; . We diag- 
onallze T" 8 to obtain the eigenvalues X„ X 2 , and 
X 3 which are the sums of squares of transverse 
momenta with respect to the three eigenvector 
directions. The smallest eigenvalue (x 3 ) is the 
minimum sum of squares of transverse momenta. 
The eigenvector associated with X 3 is defined to 
be the reconstructed jet axis. In order to deter- 
mine how jetlike an event is, we calculate a quan- 
tity which we call the sphericity (S): 



5 _ 3X„ _ 3<S iP J)„ 
X, + X 2 + X 3 2SiPi 2 



(2) 



S approaches 0 for events with bounded trans- 
verse momenta and approaches 1 for events with 
large multiplicity and isotropic phase-space par- 
ticle distributions. 

The data at each energy were compared to 
Monte Carlo simulations which were based on 
either an isotropic phase -space (PS) model or a 
jet model. In both models only pions (charged 
and neutral) were produced. The total multiplici- 
ty was given by a Poisson distribution. The jet 
model modified phase space according to the 
square of a matrix element of the form 

Ai 2 =exp(-Z: i /. lj V26 2 ), (3) 

where p ± is the momentum perpendicular to the 
jet axis. 

The angular distribution for the jet axis is ex- 
pected to have the form 

do/dSl<*l + acos 2 9 +P 2 asin 2 8 cos(2<p), (4) 

where 8 is the polar angle of the jet axis with re- 
spect to the incident positron direction, <p is the 
azimuthal angle with respect to the plane of the 
storage ring, a= (o t -u l )/{o t + q i ) with o T and a L 



the transverse and longitudinal production cross 
sections, and P is the polarization of each beam. 
(The polarization term will be discussed later.) 
The angular distribution given by Eq. (4) was 
used in the jet-model simulation. The simula- 
tions included the geometric acceptance, the trig- 
ger efficiency, and all other known characteris- 
tics of the detector. The total multiplicity and 
the charged-neutral multiplicity ratio for both 
models were obtained by fitting to the observed 
charged-particle mean multiplicity and mean mo- 
mentum at each energy. In the jet model the pa- 
rameter b was determined by fitting to the ob- 
served mean S at the highest energy (7.4 GeV). 
For lower energies the value of b was determined 
by requiring that the mean p x in the j et model be 
the same (315 MeV/c) as at 7.4 GeV. 

Figure 1 shows the observed mean S and the 
model predictions. Both models are consistent 
with the data in the 3 -4 -GeV region. At higher 
energies the data have significantly lower mean 
S than the PS model and agree with the jet model. 
Figure 2 shows the S distributions at several en- 
ergies. At 3.0 GeV the data agree with either the 
PS or the jet model [Fig. 2(a)]. At 6.2 and 7.4 
GeV the data are peaked toward low S, favoring 
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FIG. 1. Observed mean sphericity versus center-of- 
mass energy £ c .m. for data, jet model with (pi) =315 
MeV/c (solid curve), and phase-space model (dashed 
curve) . 
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0,4 0.6 

SPHERICITY 

FIG. 2. Observed sphericity distributions for data, 
jet model with (pj) = 315 MeV/c (solid curves), and 
phase- space model (dashed curves) for (a) E CpIJ1- = 3.0 
GeV; (b) £ C-In _ = 6.2 GeV) <c) E c<m> = 7,4 GeV; and 
(d) E CiITli = 7.4 GeV, events with largest x<0.4. The 
distributions for the Monte Carlo models are normal- 
ized to the number of events In the data. 



the jet model [Figs. 2(b) and 2(c)J. At the highest 
two energies, the PS model poorly reproduces 
the single -particle momentum spectra, having 
fewer particles with x > 0.4 (x- 2£/E CJ „_ and p is 
the particle momentum) than the data. 3 The jet- 
model x distributions are in better agreement. 
For x < 0.4 the x distributions for both models 
agree with the data. Therefore, we show in Fig, 
2(d) the S distributions at 7.4 GeV for those events 
in which no particle has x > 0.4. The jet model 
is still preferred. 



At E, 



; 7.4 GeV the electron and positron 



beams In the SPEAR ring are transversely polar- 
ized, and the hadron inclusive distributions show 
an azimuthal asymmetry. s The ip distributions of 
the jet axis for jet axes with |eosS| « 0,6 are 
shown in Fig. 3 for 6.2 and 7.4 GeV. 1D At 6,2 
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FIG. 3. Observed distributions of jet-axis azimuthal 
angles from the plane of the storage ring for jet axes 
with |coso|so.S for (a) E c . m- = 6.2 GeV and (b) E CrW , 
= 7.4 GeV. 



GeV, the beams are unpolarized 9 and the ip dis - 
tribution is flat, as expected. At 7.4 GeV, the <p 
distribution of the jet axis shows an asymmetry 
with maxima and minima at the same values of 
ip as for e*e'~ y*tf . 

The ip distribution shown in Fig. 3(b) and the 
value for P 2 (0.47 ±0.05) measured simultaneous- 
ly by the reaction 9 e + e"— (i*(i' were used to de- 
termine the parameter a of Eq. (4), The value 
obtained for the observed jet axis is a = 0,45 
± 0.07. This observed value of a will be less 
than the true value which describes the produc- 
tion of the jets because of the incomplete accep- 
tance of the detector, the loss of neutral parti- 
cles, and our method of reconstructing the jet 
axis. We have used the jet -model Monte Carlo 
simulation to estimate the ratio of observed to 
produced values of a and find this ratio to be 
0.58 at 74 GeV, Thus the value of a describing 
the produced jet -axis angular distribution is a 
= 0.78*0.12 at E r _^ =7.4 GeV, The error in a 
is statistical only; we estimate that the system- 
atic errors in the observed a can be neglected. 
However, we have not studied the model depen- 
dence of the correction factor relating observed 
to produced values of a. 

The sphericity and the value of a as deter- 
mined above are properties of whole events. 
The simple jet model used for the sphericity an- 
alysis can also be used to predict the single -par- 
ticle inclusive angular distributions for all val- 
ues of the secondary particle momentum. In Fig, 
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FIG. 4. Observed inclusive a versus * (from Ref. 9) 
for particles with |cob0[ so.6 in hadronic events at 
E cm.-1 A OeV. The prediction of the Jet-model Monte 
Carlo simulation for jet-axis angular distribution with 
or = 0.78 ± 0.12 is represented by the shaded band. 



4 values for the inclusive hadron a as a function 
of x at 7.4 GeV* are compared with the jet -mod el 
calculation. The model assumed the value a 
- 0.78 ± 0.12 for the jet -axis angular distribution. 
The prediction agrees well with the data for all 
values of x. 

We conclude that the data strongly support the 
jet hypothesis for hadron production in e'e" an- 
nihilation. The data show a decreasing mean 
sphericity with increasing B cm _ and the spherici- 
ty distributions peak more strongly at low values 
as Bgja increases. Both of these trends agree 
with a jet model and disagree with an isotropic 
PS model. The mean transverse momentum rel- 
ative to the jet axis obtained using the jet-model 
Monte Carlo simulation was found to be 315 ± 2 



MeV/c. At B Cimm =7.4 GeV the coefficient <* for 
the jet -axis angular distribution in Eq. (4) has 
been found to be nearly + 1 giving a value for o A / 
o T of 0.13 ± 0.07. The jet model also reproduces 
well the inclusive hadron a versus x. All of this 
indicates not only that there are jets but also that 
the he li city along the jet axis is ±1. In the frame- 
work of the quark -part on model, the partons must 
must have spin { rather than spin 0. 
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Hadron jets produced in e + e~ annihilation between 13 GeV and 31.6 GeV in cm. at PETRA are analyzed. The trans- 
verse momentum of the jets is found to increase strongly with cm. energy. The broadening of the jets is not uniform in 
azimuthal angle around the quark direction but tends to yield planar events with large and growing transverse momenta in 
the plane and smaller transverse momenta normal to the plane. The simple qq collinear jet picture is ruled out. The obser- 
vation of planar events shows that there are three basic particles in the final state. Indeed, several events with three well- 
separated jets of hadrons are observed at the highest energies. This occurs naturally when the outgoing quark radiates a 
hard noncollinear gluon, i.e., e e~ -* qqg with the quarks and the gluons fragmenting into hadrons with limited transverse 
momenta. 



It has been conjectured that hadron production in 
e + e~ annihilation proceeds by quark pair production 
with the quarks fragmenting into two nearly collinear 
jets of hadrons [1-4]. The transverse momentum of 
the hadrons is limited at high energies such that nar- 
row jets are predicted in the PETRA energy range. 
Data from SPEAR and DORIS support this picture 
[5,6] . In this paper we examine our data on e + e~ an- 
nihilation at high energies for deviations from the sim- 
ple quark parton picture * 1 . Such deviations have 
been observed [8] in deep inelastic lepton scattering 
experiments and are expected [9] to occur in any 
field theory of strong interactions. Furthermore, final 
states observed [10] in the hadronic decay of the 
T (9.46) disagree with a naive qq picture. 

This analysis is based on data collected at the DESY 
e + e- storage ring PETRA using the TASSO detector. 
A description of the experimental setup and of the 
data analysis has already been published [1 1] . We list 
here only the main points. The detector, which mea- 
sures charged secondaries over approximately 87% of 
4n, was triggered by demanding at least three tracks 
with a transverse momentum of more than 0.32 GeV/c 
with respect to the beam axis, at total energies W = 
2r? beam = 13 and 17 GeV. At least four tracks were 
required at W = 27.4, 27.7, 30, and 31 .6 GeV. The 
hadronic events were separated from the beam gas 
background by demanding that the event vertex was 
in the interaction volume, and that the sum of the de- 
tected momenta were above 3 GeV/c at 1 3 GeV ener- 
gy, above 4 GeV/c at 17 GeV energy, and above 
9 GeV/c at the higher energies. Further cuts on the 
event topology essentially eliminated 77 and t + t~ 
events. The resulting detection efficiency varied with 
energy between 75% and 78%. The final data sample 

+1 Evidence for planar events in e + e" annihilation has been 
reported earlier, see ref. [7). The present results are based 
on a five-fold increase of statistics. 



consists of 75 events at 13 GeV, 40 events at 17 GeV, 
118 events at 27.4 and 27.7 GeV, 135 events at 30 
GeV, and 40 events at 31 .6 GeV. For the following 
analysis only tracks that reached at least the sixth zero 
degree layer in the drift chamber (|cos 0| < 0.87) and 
had transverse momentum relative to the beam axis 
of at least 0.10 GeV/c, are used. Hadrons resulting 
from kaon decays were not removed while electrons 
from pair conversion or Dalitz decays were removed. 

The effects of the selection criteria described above, 
as well as the effects of measuring errors and the effi- 
ciencies of the pattern recognition programs and the 
whole analysis chain, were checked by propagating 
Monte Carlo events through the simulated detector 
and the analysis programs. It was thus ascertained that 
the results presented in this paper are not subject to 
any significant bias due to these sources. 

The quark parton picture of the process e + e~ -*-qq 
is depicted in fig. la. It will produce back-to-back jets 
of hadrons with typical transverse momenta of 0.30 
GeV/c. In field theories of the strong interactions this 
picture will be modified [9,12] to include other pro- 
cesses including the lowest -order diagrams shown in 
fig. lb. The radiated field quanta (gluons) are also ex- 
pected to evolve into jets of hadrons. This has clear 
experimental implications [12-16]: Thep T distribu- 
tion of the final hadrons will broaden with increasing 
energy. If the coupling constant is less than one there 
will be a tendency for only one of the jets to be 
broadened. The qqg state is necessarily planar; this 
should be reflected in the final hadron configuration 
which should retain the planarity with small transverse 
momenta with respect to the plane and large transverse 
momentum in the plane. If the gluon is radiated with 
a transverse momentum that is large compared to the 
typical transverse momentum of 0.30 GeV/c, then the 
event will have a three-jet topology [12]. 

Since in e + e - interactions the direction of the jet 
axis is not known from the initial state, it has to be 
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Fig. 1. Quark pair production and gluon bremsstrahlung to 
lowest order. 

determined event by event from the final state hadrons. 
We have done this in two ways: Minimizing tp\ 
(which gives the sphericity axis) [3,5 J or maximizing 
Sip, I (which gives the thrust axis) [13,17]. The sum- 
mations are over all observed hadrons. The results 
presented in this paper were generally found not to 
depend to any significant degree on the choice be- 
tween these two possibilities * 3 . Studies with Monte 
Carlo qq jets [18] * 3 further showed that the jet axes 
so determined deviate by an average of less than 5 
from the true jet axis at our higher energies. 

The normalized transverse momentum distribution 
a~ ] da/dp j evaluated with respect to the sphericity 

* z An exception is the "seagull effect" shown in fig. 3. Here 
only the thrust axis is useful since the sphericity weights 
fast particles too heavily and thus biases the particles of 
high I - Ph/Pbeam towards small values of py. 

* 3 For comparison with the data we used the version given by 
Field and Feynman [IB]. 
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Fig. 2. o~ ' do/dp T at 1 J and 1 7 GeV combined (o) and for 
27,4 GeV, 27.7 GeV, 30.0 GeV and 31.6 GeV combined (•} 
as a function of p\. The curves are fits to the data for p\ 
< 1.0 GeV/c using the Field- Feynman quark-parton model 
including u,d, s,c and b quarks with o„ as a free parameter. 

axis is plotted in fig. 2 versus p\. The data at 13 GeV 
and 1 7 GeV are identical within statistics and are 
averaged; similarly the higher energy data between 
27.4 GeV and 3 1 .6 GeV are combined. The data at 
both energies are in reasonable agreement forp|-<0.2 
(GeV/c) 2 but the high-energy data are well above the 
low-energy data for larger values of p\. The average 
value of p\ increases from 0.15 ± 0.02 (GeV/c) 2 at 
1 3 and 1 7 GeV, to 0.27 ± 0.02 (GcV/c) 2 for the com- 
bined high-energy data. The low-energy data have 
been fitted for p\ < 1 .0 (GeV/c) 2 with the jet model 
[18] * 3 of Field and Feynman, extended to include 
c and b quarks * 4 . In this model, the parameter o„ 
determining the width of the pj distribution was va- 
ried from the original value o q =0.25 GeV/c to o„ ■ 
0.30 GeV/c to obtain a fit to our data. This is shown 
by the curve in fig. 2. To fit the higher -energy data 
with the Field-Feynman model, a„ must be increased 
to 0,45 GeV/c. This is in contradiction to the naive 
quark parton model which assumes the quark to frag- 

* 4 The branching ratios for B meson decay were taken from 
ref. [191. 
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ment into hadrons with an energy-independent trans- 
verse momentum distribution. On the other hand, 
field theories of the strong interactions naturally pre- 
dict the transverse momentum to increase with ener- 
gy due to gluon bremsstrahlung by one of the outgo- 
ing quarks. The production of a new quark flavour will 
also lead to an increase in the average value of pj. We 
do not find any evidence for the production of a new 
flavour in agreement [20 J with other groups at PETRA. 

If hard noncollinear gluon emission is a rare pro- 
cess, then there should usually be only one such gluon 
in these events. Dividing each event into two halves by 
a plane perpendicular to the jet axis and determining 
(Pj) separately for the two sides, the "narrow" side 
should rarely have a noncollinear hard gluon. Thus 
<p|> nanow will increase with energy less rapidly than 
{p|> wide . This is observed as shown in fig. 3 where (pj) 
is plotted as a function of z - pjP\ xsini for the wide 
and the narrow jet separately. The qq model with o q 
= 0.30 GeV/e is also plotted in fig. 3a. It fits the data 
rather well at low energy ; the narrow-wide asymmetry 
is due to statistical fluctuations. The model fails to de- 
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Fig, .3 . < p^> as a f unction of i = p/p oeam f or t he wide and 
narrow jet separately, for the low-energy (a) and the high- 
energy (b) data. The curves show the prediction from the qq 
model [18] * 3 with o q ■ 0.30 GeV/c (solid curve) and o q ■ 
0.45 GeV/e {dotted curve). The model includes u, d, s, c and 
b quarks. 



scribe the data at high energies (fig. 3b); however, in- 
creasing o q to 0.45 GeV/c, obtained from the fit to 
the pj distribution, approximately reproduces the ob- 
served z distribution. Therefore we can fit, within the 
statistical uncertainties, both the pj distributions and 
the seagull plot at both energies by increasing the val- 
ue of a„ with energy. 

Regardless of the value of <p T ) in the naive quark 
jet picture hadrons resulting from the fragmentation 
of the quark must be on the average uniformly distri- 
buted in azimuthal angle around the quark axis. There- 
fore, apart from statistical fluctuations, the two-jet 
process e + e~ -» qq will not lead to planar events where 
as the radiation of a hard gluon, e + e~ -* qqg, will re- 
sult in an approximately planar configuration of ha- 
drons with large transverse momenta in the plane and 
small transverse momenta with respect to the plane. 
Thus the observation of such planar events at a rate 
significantly above the rate expected from statistical 
fluctuations of the qq jets shows in a model-indepen- 
dent way that there must be a third particle in the fi- 
nal state, which might be identified with a gluon. 

The shape of the events is evaluated using the fol- 
lowing method. For each event we construct the sec- 
ond-rank tensor [3,5] from the hadron momenta 

A' 



(aj = x,y,z), 



summing over all N observed charged particles. Let 
"l, "2 an ^ "3 b e trle umt eigenvectors of this tensor 
associated with the smallest, intermediate, and largest 
eigenvalues Aj , A 2 and A 3 , respectively. The princi- 
pal jet axis is then the h^ direction, the event plane 
is the "2 - "3 P' ane , and n t defines the direction in 
which the sum of the squared hadron momenta com- 
ponents is minimized [2 1 ] . We compare in fig. 4 the 
distribution of 



<PtW 



"i/S^**** 



(the momentum component normal to the event 
plane squared) with that of 



<P T >ir,=£SGy»2) 2 



(the momentum component in the event plane per- 
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vi al us oa 

<pf>(GeVA:) ! 

Fig. 4. The mean transverse momentum squared normal to the 
event plane (p^'out and in the event plane (p^in per event 
for the low-energy and the high-energy data. The predictions 
from the quark model f IB] * 3 are shown assuming an ■ 0.30 
GeV/c (solid curves) and crq ■ 0.45 GeV/c (dotted curve). 
The model includes u,d, s, c and b quarks. 



pendicular to the jet axis). The data show only little 
increase in ^p^) out between the low-energy and the 
high-energy point. The distribution of (PtW now " 
ever, becomes much wider at high energies, and in 
particular there is a long tail of events with a large 
value of <p^) in not observed at lower energies. The 
curves show the expectations from the Monte Carlo 
qq jets. Hadrons resulting from pure qq events will 
on the average be distributed uniformly around the 
jet axis, however, some asymmetry between <Ppj n 
and <Px> 0 ut is caused by statistical fluctuations. Fair 
agreement with the qq model is found both for 
(p^in and ( PT^out at ,he low - ener gy point. Thus the 
asymmetry observed at this energy can be explained 
by statistical fluctuations only. 

At the high energy, we find fair agreement between 
<Pj) 0Ul and the qq model with o„ = 0.30 GeV/c, how- 
ever, the observed long tail of the <p^in distribution 
is not reproduced by the model. This discrepancy can- 



not be removed by increasing the mean transverse mo- 
mentum of the qq jets. The result from the model 
with a q = 0.45 GeV/c is also plotted in fig. 4. The 
agreement is poor. We therefore conclude that the da- 
ta include a number of planar events not reproduced 
by the qq model, independent of the assumption on 
the average p T in that model. 
The normalized eigenvalues, 



e*=AA 






may be used for a more detailed study of the shape of 
the events. These normalized eigenvalues Q k satisfy 
Qy+Q2 + Qi = 1 aod are arranged such that 0 < Q j 
<Q2<Q- i -We express our data in terms of two vari- 
ables, aplanarity A and sphericity S: 



s = i(S, +G 2 ) = I<Pt>/<p 2 >- 

All the events are then inside a triangle shown in fig. S, 
where S is the hypotenuse of the triangle. The event 
distribution in A and S is shown in fig. 5, for the low- 
energy and high-energy data separately. 

Collinear two-jet events lie in the left-hand corner 
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247 



TASSO Collaboration 



313 



Volume 86B, number 2 



PHYSICS LETTERS 



24 September 1979 



(A , S small), uniform disk shaped events in the upper 
corner (A small, S large), and spherical events in the 
lower right-hand corner (A , S large), while coplanar 
events will occupy a band along the larger of the two 
small sides of the triangle in fig. 5. 

Collinear two-jet events are seen to dominate at all 
energies, the collinearity being most pronounced at 
the highest energy. We exclude these events and select 
the candidates for planar events by requiring that 
A < 0.04 and S > 0.25. At 13 and 17 GeV we observe 
six events in this region compared to 3.5 events pre- 
dicted by the qq model with o q = 0.30 GeV/e. At the 
higher energies we find 1 8 events compared to 4.5 
events predicted by the qq model, independent of a q 
between 0.30 and 0.45 GeV/c. As an independent 
test of the planar structure, a randomization proce- 
dure * 5 was applied to the data to destroy any natural 
correlations. This estimate of accidentally planar events 
yields six events in the 13—17 GeV data and four 
events in the higher-energy data. Thus at the higher 
energies there is an excess of planar events well above 
the level predicted from statistical fluctuations of the 
qq jets. This shows that e + e~ -+ hadrons proceeds via 
the creation and decay of at least three primary par- 
ticles that subsequently fragment into hadrons. Field 
theories of the strong interactions predict such a topol- 
ogy resulting from the radiation of a field quantum 
(gluon) by one of the quarks, i.e., e + e~ -> qqg. 

If this is the correct explanation and the gluon 
materializes as a jet of hadrons with limited transverse 
momentum then a small fraction of the events should 
display a three-jet structure. The events were analyzed 
for a three-jet structure as described in ref. [21] . All 
the coplanar events gave a good fit to the three-jet hy- 
pothesis. We further determined the transverse momen- 
ta of the hadrons with respect to the axis to which 
they were assigned. For the 18 events defined above 
we find an average transverse momentum of about 
0.30 GeV/c, close to the mean p T observed in two-jet 
events at lower energies. 

To compare this new class of three-jet events with 
the predominant class of two-jet events, fig. 6 shows 
a characteristic event of each type in momentum 



*s 



The sphericity axis was chosen as a reference, and all tracks 
were rotated by a random azimuthal angle around the jet 
. direction; this preserves both pj and p ( . Then at random 
the sign of p g was changed. 
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Fig. 6. Momentum space representation of a two-jet event 
(a)-(c) and a three-jet event (d)-(f) in each of three pro- 
jections, (a), (d)n 2 -n 3 plane; (b), (e)n t -R 2 plane; (c), (f) 
n i-/i 3 plane. 



space in all three projections. Figs. 6a and 6d show a 
two-jet and a three-jet event, respectively, in the 
"2~"3 P^ne; this is the plane containing the largest 
components of momenta. The first event shows two 
clearly delineated jets. The three-jet event, on the oth- 
er hand, shows a much broader distribution of mo- 
menta transverse to the n 3 axis. Figs. 6b and 6e show 
the projection on the plane perpendicular to the jet 
direction (« 3 ). Here one clearly sees the small trans- 
verse momenta for the two-jet event and the tendency 
of the large transverse momentum to lie along the « 2 
direction for the three-jet event. Finally figs. 6c and 
6f show the remaining projection on the n l -n 3 plane. 
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In summary, we have studied e + e -* hadrons for 
values of Q 2 between 170 (GeV/c) 2 and 1000 (GeV/c) 2 . 
We observe a change in the pj distribution and a 
strong increase of (p\) with increasing energy. This 
increase occurs predominantly in only one of the two 
jets. The distribution of the transverse momentum 
perpendicular to the "event plane" does not show a 
pronounced energy dependence while a strong broad- 
ening takes place in the event plane at the highest val- 
ues of Q 2 . We observe planar events at a rate which is 
well above the rate computed for statistical fluctua- 
tions of the qq jets. The planar events exhibit three 
axes, the average transverse momentum of the hadrons 
with respect to these axes being 0.30 GeV/c. This es- 
tablishes in a model-independent way that a small frac- 
tion of the e + e~ annihilation events proceeds via ma- 
emission of three primary particles, each of which ma- 
terializes as a jet of hadrons in the final state. The data 
are most naturally explained by hard noncollinear 
bremsstrahlung e + e~ -+ qqg. Indeed, the data are in 
agreement with predictions based on first -order per- 
turbative QCD as will be discussed in a forthcoming 
paper. 
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The distribution of total transverse energy EEj over the pseudorapidity interval -1 < n < 1 and an azimuthal range 
A0 = 300° has been measured in the UA2 experiment at the CERN pp collider (%/s = 540 GeV) using a highly segmented 
total absorption calorimeter. In the events with very large LEj (Zi?T > 60 GeV) most of the transverse energy is found to 
be contained in small angular regions as expected for high transverse momentum hadron jets. We discuss the properties of 
a sample of two-jet events with invariant two-jet masses up to 140 GeV/c 2 and we measure the cross section for inclusive 
jet production in the range of jet transverse momenta between 15 and 60 GeV/e. 



1. Introduction. The suggestion that hard scattering 
of hadron constituents should result in two jets with 
the same momenta as the scattered partons [1] has 
motivated an intense experimental effort [2] . Earlier 
ISR experiments [3] have reported observations of 
such double-jet structures. However these jets were 
not as clearly identified as they are in the hadronic 
final states of high-energy e + e~ annihilations [4] , be- 
cause in hadronic collisions the jets carry only a frac- 
tion of the total energy available. As a consequence, 

1 Now also at Istituto di Fisica, Universita di Udine, Italy. 

2 Now also at Istituto di Fisica, Universita di Perugia, Italy. 



jets are accompanied by several soft hadrons which 
may make their identification more difficult and in 
general they are not collinear. 

The recent successful operation of the CERN pp 
collider [5] has opened a new possibility to observe 
high transverse momentum hadron jets. At s/s = 540 
GeV the yield of jets with E T > 20 GeV is expected 
to increase by about four orders of magnitude with 
respect to the top ISR energy [6] whereas the average 
particle density in the central region for an ordinary 
collision has increased by less than a factor of 2 [7] . 

We report here on results from the UA2 experiment 
at the CERN pp collider. This experiment uses a large 
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solid angle total absorption hadron calorimeter subdi- 
vided in small cells, a device well suited to the detec- 
tion of hadron jets. 

2. Apparatus. A cross section of the UA2 detector 
is shown in fig. 1 . At the centre of the apparatus a 
vertex detector consisting of cylindrical proportional 
and drift chambers measures particle trajectories in a 
region without magnetic field. 

The vertex detector is surrounded by a highly seg- 
mented electromagnetic and hadronic calorimeter 
(the central calorimeter) which covers the pseudo- 
rapidity interval — 1 < jj < 1 (polar angle 40° < 6 
< 140°) and an azimuthal range of 300°. In the pres- 
ent stage of the experiment the remaining azimuthal 
interval (±30° around the horizontal plane) is covered 
by a single arm spectrometer to measure charged and 
neutral particle production [8] . 

The forward and backward regions {20° < 9 < 3 7 .5° 
and 142.5° < S < 1 60°, respectively), are each instru- 
mented by twelve toroidal magnet sectors followed 
by drift chambers, multitube proportional chambers 
and electromagnetic calorimeters. 

The central calorimeter is segmented into 200 cells, 
each covering 1S° in 0 and 10° in 8 and built in a tow- 



er structure pointing to the centre of the interaction 
region. The cells are segmented longitudinally into a 
17 radiation length thick electromagnetic compart- 
ment (lead-scintillator) followed by two hadronic 
compartments (iron-scintillator) of two absorption 
lengths each. The light from each compartment is col- 
lected by two BBQ-doped light guide plates on oppo- 
site sides of the cell. 

AH calorimeters, including the forward -backward 
modules, have been calibrated in a 10 CeV/e beam 
from the CERN PS using incident electrons and muons. 
The calibration has since been tracked with a Xe light 
flasher system. In addition, the response of the elec- 
tromagnetic compartments is checked regularly by ac- 
curately positioning a Co 60 source in front of each 
cell and measuring the direct current from each photo- 
multiplier. The systematic uncertainty in the energy 
calibration for the data discussed here is less than ±2% 
for the electromagnetic calorimeter and less than ±3% 
for the hadronic one. 

The response of the calorimeter to electrons, single 
hadrons and multi-hadrons (produced in a target lo- 
cated in front of the calorimeter) has been measured 
at the CERN PS and SPS machines using beams from 
1 to 70 CeV. In particular, we have studied the longi- 



p-p experiment UA2 




I m — «-l FORWARD. BACKWARD CALORIMETER 

Fig. 1. Tlie UA2 detector: schematic cross section in the vertical plane containing the beam. 
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tudina! and transverse shower development and the 
effect of particles impinging near the cell boundaries. 

The energy resolution for electrons is measured to 
be a E lE = 0A4l\/E (E in GeV). In the case of hadrons, 
a E /E varies from 32% at 1 GeV to 1 1% at 70 GeV. 
The resolution for multi-hadron systems of more than 
20 GeV is similar to that of single hadrons. 

Details of the construction and performance of the 
calorimeter are reported elsewhere [9]. 

3. Data taking. The data discussed in this paper 
were recorded using a trigger sensitive to events with 
large transverse energy in the central calorimeter [10]. 
The gains of the photomultipliers were adjusted so 
that their signals were proportional to transverse ener- 
gy. The signals were linearly added and their sum was 
required to exceed a given threshold (typically set at 
20 GeV). 

In order to suppress background from sources 
other than pp collisions, we required a coincidence 
with two additional signals obtained from two scintil- 
lator arrays surrounding the vacuum chamber 10.3 
metres downstream of the interaction point and cover- 
ing an interval At; = 1 .1 around r) = ±4.7. 

A sample of "minimum bias" data was recorded 
simultaneously by using only the coincidence of the 
signals from the two scintillator arrays. The rate of 
such coincidences provided also a measurement of the 
luminosity [8]. 

Furthermore the electronics were enabled between 
pp crossings and the cosmic ray background was found 
to be negligible. 

4. Data reduction. Data have been recorded for an 
integrated luminosity of 79 /tb -1 . The full data sam- 
ple has been used in the following analysis for XEj 
> 30 GeV. Partial samples are used for XE T < 30 
GeV and for minimum bias events. 

The background events from beam halo particles 
and the accidental overlap of beam halo particles with 
minimum bias events exhibit a characteristic pattern 
in the detector different from that for events from pp 
collisions. A series of selection criteria is applied to 
remove background events: 

— A fast filter requires that the pattern of hits in the 
vertex detector be consistent with charged particles 
coming from a common vertex. 

- The ratios of the energies in each calorimeter layer 



(electromagnetic, first and second hadronic) to the 
total observed energy must be physically sensible. 

— The local patterns of energy deposition in depth in 
the central calorimeter have to be consistent with that 
expected for particles emerging from a pp collision. 

— Finally, for the highest SiT T events we reconstruct 
the event vertex and verify that it is within the colli- 
sion region. 

The combination of these requirements reduces 
strongly the number of background events. We find 
that the ratio of signal to background triggers in the 
initial event sample is 2^-p-dependent, varying from 
~10 at XE T ■& 10 GeV to ~1 at 30 GeV and -0.25 
at 2,Ej > 60 GeV. After applying all of the above 
cuts we estimate from a visual scan of events that the 
final event sample contains less than 10% of back- 
ground events independently of ZEj . 

To study the loss of good events introduced by the 
cuts described above we use test beam data, Monte 
Carlo simulations and we investigate the effect of vary- 
ing the cuts on the data. We estimate that the loss of 
good events is ^15%, independent of XEj. 

5. Transverse energy distribution. The total hadron- 
ic energy in a cell is measured as the sum of the ener- 
gies in the three compartments (at least one compart- 
ment must have 150 MeV, well above pedestal fluctu- 
ations). 

The distribution of events as a function of the trans- 
verse energy 2Ej in the interval -1< rj < + 1 , 30° 
< <t> < 330° is presented in fig. 2a; it is observed to 
fall off exponentially as has been observed in experi- 
ments [11] with a similar solid angle coverage at the 
SPS nd at Fermilab (\/s"= 24 GeV). There are 10 
events having E.E T > 60 GeV. 

We estimate that the uncertainty in the energy 
scale due to systematic effects (1 50 MeV minimum 
cell energy , variation in response of the electromag- 
netic compartment for charged and neutral pions, and 
calibration errors * l to be ±5%. In the lower energy 
experiments, events with large EEj (the largest acces- 
sible value is approximately 20 GeV) have predomi- 
nantly high multiplicity, cylindrically symmetrical 

" The response to hadrons has been measured to be linear 
to within 2% over the whole energy range, that of the 
electromagnetic compartment differs by 17% between 
charged and neutral pions. 
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Fig. 2. Transverse energy (a) and its average density (b): observed distributions over the whole azimuthal acceptance (full dots) 
and over a restricted azimuthal region, A<£ = 60° (open circles). 



configurations. It is however commonly expected [12] 
that at the present collider energy, \/jT= 540 GeV, suf- 
ficiently large values of "LEj can be reached that two- 
jet configurations resulting from hard scattering will 
dominate. An indication of this is already provided 
by the fact that the two highest energy points in fig. 
2a lie significantly above the exponential. 

A more sensitive test is provided by studying the 
2ii T distribution into a solid angle which is substan- 
tially smaller though still sufficiently large to contain 
most of the energy for hadron jets in the 2s T region of 
interest (E T > 15 GeV). The doldXE T distribution 
for — 1 < T) < 1 , A0 = 60° is shown in fig. 2a; it dem- 
onstrates a clear departure from an exponential. In 
fig. 2b, the same data samples are plotted as a func- 
tion of the transverse energy density, e T = 'ZEj/ACl. 
Figs. 2a,b illustrate that regions of high energy densi- 
ty are confined to within a small solid angle. 

Direct evidence for an increase of the energy clus- 
tering towards higher values of XEj is obtained by 
constructing clusters of adjacent cells, each cell con- 
taining more than a fraction /of the total energy de- 
posited in the central calorimeter. When XE T increases 



from 30 to >60 GeV, the number of such clusters 
decreases from —15 to —6 on the average for/= 1%, 
while it increases from —0.7 to —2 for/= 8%: events 
with a high value of 2£" T are made of relatively less 
numerous but more energetic clusters. 

The same fact is illustrated by determining for each 
event the two non-overlapping 45° X 40° solid angles 
which together contain the largest fraction, #, of the 
total transverse energy, and studying g as a function 
of l,Ej ; the average value of g increases from =40% 
at XE T = 30 GeV to =60% for 2E r > 60 GeV. 

To study these high XEj events in detail we use a 
clustering algorithm which joins into a cluster all cells 
which share a common side and contain an energy E ce]x 
>E ^\l> E ?M is normally chosen to be 400 MeV, 
though the results obtained are relatively insensitive 
to the exact value chosen. Clusters having two or more 
local maxima separated by a valley deeper than 2 GeV 
are then split. On the average, for ZEj > 30 GeV, we 
obtain =4.4 clusters having E T >2 GeV per event, 
each cluster consisting of typically 4 cells. 

The cluster (resp. the two clusters) with the largest 
transverse energy in an event accounts for a fraction 
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Fig. 3 . (a) The fractions h i and h 2 of the total transverse en- 
ergy HE j contained in the cluster, and respectively the two 
clusters, having the largest Ej are displayed versus SEj. (b) 
Dependence upon ZEj of the ratios r 2 \ = Ej/Ej and r 32 
= E\lE% (see text). 

A j (resp. h^) of the total transverse energy "LEj mea- 
sured in the central calorimeter. The dependence upon 
~LE^ of hi and ft 2 ' s illustrated in fig. 3a. In particular 
all events with 2£" T in excess of 60 GeV have an aver- 
age of 67% of the transverse energy contained in only 
two clusters. 

6. Two-jet events. Fig. 4 shows the configuration 
of the event with the largest value of XEj , 1 27 GeV. 
It exhibits striking features: energy is concentrated 
within two small regions separated in azimuth by A<j> 
— 180° and towards which several collimated tracks 
are observed to point. In addition the transverse ener- 
gies of the two clusters are approximately equal (57 
and 60 GeV). 



We now investigate to which extent such charac- 
teristics are also present in the other events having a 
large value of 'LEj . 

In each event we rank the central calorimeter clus- 
ters (CI , C2, ...) in order of decreasing transverse en- 
ergies (Ej >Ej > ...). Fig. 5a shows the azimuthal 
separation A0 between CI and C2 for £j' 2 > 10 GeV 
and E\' 2 > 14 GeV. It peaks strongly near A0 - 180°. 
If however we release the constraint that both iTj and 
E\ must exceed a high threshold, we find events in 
which Ej may be only a small fraction of Ej : for ex- 
ample, in the sample of 59 events having Ej > 20 
GeV, 41 have E\jE\ < 0.4. For those A<j> is observed 
to have a uniform distribution between 0 and 1 80° 
while it always exceeds 140° in the rest of the sample. 
It is then natural to consider the possibility that a 
large localised transverse energy be produced outside 
the central calorimeter acceptance. Indeed, of 385 
events having e\ > 10 GeV and E%IE\ < 0.4, 22 de- 
posit more than 5 GeV transverse energy in a sector 
of one of the forward/backward electromagnetic cal- 
orimeters: in such cases the azimuthal separation A0 
between this sector and CI is nearing 180° (fig. 5b). 
These observations suggest an interpretation of the 
events in terms of a hard parton collision, a character- 
istic feature of which is the coplanarity of the scatter- 
ed partons with the incident beams. 

Further evidence is obtained from the fact that CI 
and C2 are associated with jets of particles. We select 
a sample Sjj (55 events) by requiring Ej' > 10 GeV 
and A<£ > 140°. We make the following observations: 

(i) several tracks, measured in the vertex detector, 
are observed to aim towards the cluster centers (to 
within 13° on the average forifj > 20 GeV); 

(ii) longitudinal shower developments, measured 
from the contributions of electromagnetic and hadron- 
ic compartments, are inconsistent with that of a single 
particle but consistent with that of a jet fragmenting 
into charged and neutral pions; 

(iii) cluster diameters are «80% larger than expect- 
ed from the transverse extension of showers induced 
by single particles but are consistent with fragmenting 
jets. 

We use the same event sample Sjj to investigate a 
third property of hard parton collisions: the approxi- 
mate equality of the transverse momenta of the scat- 
tered partons. We calculate the transverse momentum 
Pj and the invariant mass M associated with the pair 
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(a) 



(b) 



Fig. 4. Configuration of the event with the largest value of EEj, 127 GeV <M = 140 GeV): (a) charged tracks pointing to the inner 
face of the central calorimeter are shown together with cell energies (indicated by heavy lines with lengths proportional to cell en- 
ergies), (b) the cell energy distribution as a function of polar angle 9 and azimuth 0. 



(CI, C2) in each event (we assign to each cluster a 
four -moment urn (Eu,E), E being the cluster energy 
and h the unit vector pointing from the event vertex 
to the cluster center). We measure P T to be 6 GeV/c 
on the average, of which at least 3 GeV/r are of in- 
strumental nature (non-inclusion of large angle frag- 
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Fig. 5. (a) Azimuthal separation between CI and C2 (see text) 
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> 10 and 14 GeV. (b) Azimuthal separation between 
CI and the forward/backward sector having £y > 5 GeV for 
£■■{■ > 10 GeV and E\IB\- < 0.4 (see text). 
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merits in the cluster, energy resolution, edge effects, 
etc.). 

The above observations support the interpretation 
ofSjj as a sample of two-jet events resulting from a 
hard parton collision. We remark however that the 
spectacular configuration illustrated in fig. 4 is not re- 
presentative of the whole sample. As shown in fig. 3a 
the two-jet system accounts for only a fraction of 
Sf T . The rest of the transverse energy in the event, 
£■-]., is distributed among clusters, of which typically 
2 to 3 are in excess of 1 GeV. Their detailed study is 
beyond the scope of the present report. We simply re- 
mark that they are only weakly correlated with the 
jet directions and that their multiplicity and transverse 
energy distributions are the same as in events having 
2c^* = ^t* 

Given the presence of relatively abundant and hard 
clusters accompanying the two-jet system, we further 
ascertain the emergence of a two-jet (as opposed to 
multi-jet) structure by measuring the dependence 
upon XE T of the ratios rji = Ej1E\ and r 32 = EjjEj. 
As 2£ T increases, r 2 i increases and r^j decreases (fig. 
3b), again illustrating the dominance of two-jet events 
for SZT-j- exceeding —60 GeV. 
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7. Inclusive jet production. There are 59 events 
containing at least one cluster with Ej > 20 GeV. The 
evaluation of the inclusive jet production cross section 
from these events requires the knowledge of the de- 
tector acceptance and luminosity. 

The detector acceptance is obtained from a Monte 
Carlo simulation that generates jets with the i? T -distri- 
bution given in ref . [6] , superimposed on a system of 
soft hadrons accounting for the remaining fraction of 
\/s. The jets fragment into hadrons with an average 
transverse momentum of 0.45 GeV/c with respect to 
the jet axis according to a fragmentation function of 
the form (1 -x) 2 /* (x is the fractional momentum 
of the fragment along the jet axis). All of these ha- 
drons (assumed to be charged and neutral pions only) 
are then followed into the calorimeters to generate a 
pattern of energy depositions. Both the longitudinal 
and lateral shower developments as well as the energy 
resolution are taken into account. 

The data generated by the Monte Carlo simulation 
undergo the same analysis chain as the real data. In 
particular, we find that the distribution of cluster size 
in the Monte Carlo data is very similar to that of the 
real data, indicating that both hadronic fragmentation 
and shower developments are correctly described in 
the simulation program. 

The comparison of the Ej -distribution of the 
Monte Carlo data with that used as an input provides 
the correction function u(Ej) by which the observed 
cross section must be divided to obtain the jet inclu- 
sive cross section. We have checked that varying some 
of the analysis parameters, in particular those related 
to the cluster definition, changes both the observed 
E T distribution and a(jF T ) but the correct cross section 
always varies by less than 10%. The function a(if T ) 
varies by less than a factor of 2 over the range 20 
<£' T <60GeV. 

The integrated luminosity is obtained by counting 
the total number of minimum bias events which oc- 
curred during data taking. From the fluctuations mea- 
sured during different running conditions we assign an 
uncertainty of ±17% to its value. An additional uncer- 
tainty results from the fact that, as already mention- 
ed, the trigger to record large->? T events required a co- 
incidence with a pair of small angle charged secon- 
daries. This requirement introduces a bias which may 
affect both the absolute magnitude of the cross sec- 
tion and itsiT-j-dependence. 
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Fig. 6. Inclusive jet production cross section. The solid line 
(ref. [6]) uses A = 0.5 GeV while A = 0.15 GeV would bring 
the calculated rates in better agreement with the data. How- 
ever various uncertainties preclude a determination of A 
from the data [13]. 

Fig. 6 shows the cross section for inclusive jet pro- 
duction as a function of the jet transverse energy i? T . 
The errors shown are only statistical. There is an over- 
all uncertainty of ±20% in the vertical scale reflecting 
the uncertainties in the knowledge of the total lumi- 
nosity and in the Monte Carlo calculated acceptance. 
An uncertainty of ±2.5% in the if T -scale, reflecting 
the calorimeter energy calibration uncertainties, re- 
sults in an additional vertical uncertainty of ±20%. 
From a visual scan of the events the contribution 
from sources other than pp collisions is estimated to 
be <10%, independent of E T . 

Our measured cross section is at a level comparable 
with the QCD calculation of Horgan and Jacob [6] , 
which is also shown in fig. 6. In the framework of this 
model, inclusive jet production is dominated by gluon— 
gluon scattering in the kinematical region of this ex- 
periment. 

We finally note that the possible merging of two 
high /? T clusters produced with a small angular sepa- 
ration may increase the measured cluster energy by as 
much as 2 GeV on the average. This effect is not ac- 
counted for in ref. [6] where jet fragmentation is ig- 
nored. 
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8. Conclusion. We have observed that events with 
a large transverse energy (in excess of —60 GeV) in c 
rapidity interval of two units around 90° have a dom- 
inant two-jet structure at s/s = 540 GeV. This is in 
strong contrast with the situation at \/s = 24 GeV 
[11]. The inclusive jet production cross section is 
measured at a level similar to that predicted by QCD 
calculations [6] . A sample of two-jet events has been 
studied and observed to feature properties character- 
istic of hard scattering of partons. This observation 
provides the first evidence for highly collimated jets 
produced in hadron collisions. 
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11 

The Fifth Quark 



Discovery of the T and the B meson, 1977-1987. 

The discovery of the J/ifr and charmed quark seemed to complete a family of fermions, 
(c, s, v„, ju), entirely analogous to (u, d, v e , e). If this pattern were indicative, then the 
r and its neutrino presaged a new pair of quarks. Both e + e~ annihilation and hadronic 
production of lepton pairs, the techniques that had uncovered the charmed quark, were 
extended in the search for the next quark. 

Leon Lederman and his co-workers (Ref. 11.1) pressed the search for peaks in the /Lt + /x~ 
spectrum to high energies by studying the collisions of 400 GeV protons on nuclear targets 
at Fermilab. Their apparatus was a double-arm spectrometer set to measure /jL + /i~ pairs 
with invariant masses above 5 GeV with a resolution of 2%. Hadrons were eliminated 
by using long beryllium filters in each arm. In mid 1977, a clear, statistically significant 
fi + /i~ peak was observed in the 9.5 GeV region with an observed width of about 1.2 GeV 
A more detailed analysis showed better agreement with two peaks at 9.44 and 10.17 GeV, 
respectively, which were given the names T and T'. It soon became evident that this was 
a repetition of the J/\[r and i//"' story. 

With the help of an energy upgrade, in May 1978 two groups at the DORIS e + e~ storage 
ring at DESY were able to observe the T in the PLUTO and DASP II detectors. The 
results of the experiments are reproduced here (Refs. 11.2, 1 1.3) and in Figure 11.1. The 
determination of the mass of the resonance was greatly improved with the result My = 
9.46 ± 0.01 GeV. Moreover, the observed width was limited only by the energy spread of 
the beams, so that it was less than 1/100 as much as that observed in hadronic production. 
Just as for the J/i{r , it was possible to infer the partial width for T —y e + e~ from the area 
under the resonance curve, with the result T e + e -{T) — 1.3±0.4keV Using nonrelativistic 
potential models derived from the \[r system and the assumption that the potential was 
independent of the quark type, it was possible to predict the wave function at the origin 
and thus T e + e - (T) for the cases of charge — 1/3 and +2/3. The comparison indicated that 
the new quark had charge —1/3 rather than +2/3. The new quark was dubbed the b for 
"bottom," reflecting the practice of writing the quark pairs (u, d) and (c, s) with the charge 
— 1/3 beneath the charge 2/3 quark. Thus the sixth quark is referred to as t or "top." 
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Figure 11.1. Measurements of the e + e~ cross section at the lower T states. Measurements from 
the DASP II experiment at DORIS show (a) the T and (b) the T' (Ref. 1 1.3). Measurements by the 
CLEO group at CESR show (c) the T, (d) the T', and (e) the T". Discrepancies between the mass 
measurements by the two groups were later resolved (Ref. 1 1.5). 



After additional cavities were added to increase the energy of the DORIS ring, DASP II 
and the DESY-Heidelberg sodium-iodide and lead-glass detector were able to observe the 
T' (Refs. 11.3, 11.4). The T' — T splitting was found to be very nearly the same as that 
for i]/' — \f/. 

By 1980, the Cornell Electron Storage Ring (CESR) with its two detectors, CLEO and 
CUSB, became operational. They both observed the T and T', and additional resonances, 
T" and T'" (Refs. 11.5, 11.6, 11.7, 11.8). The first three states, with masses 9.460, 10.023, 
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and 10.355 GeV, are narrow, with observed widths consistent with the beam spread of the 
machine. They are analogous to the i[r and x(r', and correspond to l 3 ,Si, 2 3 Si, and 3 3 S\ 
states of a bb system. Figure 11.1 shows the T and T' as observed by DASP II and the 
T, T', and T" as observed by CLEO. The T"' at 10.577 GeV is a broader state, like the 
iff (3772) = i/f", and is interpreted as the 4 3 5i state, lying above the threshold for BB 
production, where B represents a meson containing a b quark and a u or d quark. Thus 
B+ = bu, B° = bd, B~ = bu,B° = bd. 

The existence of a series of s-wave bound states required that there be p-wave states 
as well. These were observed through radiative transitions from the s-wave states, T' — > 
XbY, where Xb represents aC = +l,P = +l p-wave state. Evidence was obtained from 
the inclusive photon spectrum, T' — >• y + anything, and from the cascade T' — ► yxb, 
Xb —*■ yY, TT - ► l + l~, where / represents e or \i. Measurements were carried out by 
CUSB and CLEO at CESR and by the Crystal Ball at DORIS II after the detector was 
shipped from Stanford to Hamburg. In Figure 11.2 some results from the Crystal Ball 
are shown. 

What is the role of the b quark in weak interactions? Beta decay is described at the 
quark level by the transition d — > ue~v. Positron emission is the result of u — >■ de + v. 
The strangeness-changing semileptonic weak decays (e.g. A — ► pev) are described by 
s — ► ue~v whose inverse is u —> se + v. The Cabibbo hypothesis is that the weak current 
is really u — >■ (cos 6 c d + sin 0 c s). As discussed in Chapter 9, the introduction of a fourth 
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Figure 11.2. The photon spectrum from T' decays obtained by the Crystal Ball Collaboration at 
DORIS II. A triplet of lines corresponding to T' —y YXb( ' 2,l,o) ls seen between 100 and 200 
MeV. The decays xb ~ > K~*~ produce the unresolved signal between 400 and 500 MeV [R. Nernst et 
at., Phys. Rev. Lett. 54, 2195 (1985)]. 
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quark makes the Cabibbo angle into a rotation, with the current described by 

/ COS0 ***')(*). (11.1) 

v ' \ — sin 9 C cos 6 C ) \ s ) 

The V-A structure y^(\ — ys) has been suppressed for clarity. The 2x2 matrix can be 
viewed either as a rotation of the charge — 1/3 quarks or of the charge +2/3 quarks, though 
by convention it is usually the charge —1/3 quarks that are subjected to rotation. 

With the discovery of the b quark it was apparent that the Cabibbo matrix would have to 
be expanded to a 3 x 3 matrix. Indeed this possibility had been anticipated by M. Kobayashi 
and T Maskawa before the discovery of even the charmed quark. They observed that if 
there were a third generation, that is a third pair like (u, d) and (c, s), the 3x3 mixing 
matrix would allow for CP violation. 

In order to provide for CP violation, we need a complex term in the interaction J^ / M 
where J^ — Uy^Vil — ys)D is the weak current. If there are n families, U represents the 
column of n charge +2/3 quarks and D the column of n charge —1/3 quarks. The matrix 
V is unitary and has n 2 complex or 2« 2 real parameters. Unitarity imposes the conditions 
VijV^- — Sik, which give n{n — l)/2 complex constraints for z' ^ k and n real constraints 
for i — k. Altogether there are n 2 remaining free parameters in V. 

It is possible to eliminate some of the complex phases in V by redefining the phases 
of the 2n quark fields. Changing all of the fields by the same phase changes nothing so 
2« — 1 phases from V can be eliminated in this way. Thus the number of real parameters 
characterizing V is n 2 — 2n + 1 = (n — l) 2 . For two families this gives just one parameter, 
which is the Cabibbo angle. For three families there are four parameters. Now if V were 
purely real it would be a 3 x 3 rotation matrix, which is determined by three real parameters. 
Thus the fourth parameter of V must necessarily introduce a complex component into V, 
one that cannot be absorbed into a redefinition of the quark fields. 

We can represent the Cabibbo-Kobayashi-Maskawa (CKM) matrix by 



[u 



v ud 


v us 


Vub ' 




' d 


v cd 


v cs 


v ch 




s 


Vtd 


V u 


v, b _ 




_ b 



(11.2) 



In principle, the squares of the various matrix elements can be measured by observing a 
variety of weak decays. The comparison of nuclear beta decay and muon decay indicates 
I V u d I % 0.97, while the strangeness-changing decays give | V us \ & 0.22. These two are just 
cos# c and sin8 c in the Cabibbo scheme. The production of charmed particles in neutrino 
(or antineutrino) nucleus scattering is proportional to |V c rf| 2 - Data from the CDHS Col- 
laboration led to a value \V cc i\ — 0.21 ± 0.03. The decay of mesons containing b quarks 
is controlled by V„b and V c b- The relative size of these elements determines the ratio of 
the semileptonic decays F(b — ► ulv)/T{b — > civ). Because of the greater phase space 
available, the b — >• ulv decay produces leptons with higher momentum than does b — »■ civ. 
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Figure 1 1.3. Lepton spectra for semileptonic B meson decays. Left, CUSB data from CESR together 
with the curves expected for (A) b — > cev, (B) b — > uev, and (C) b — ► cX, c — > sev [C. Klopfenstein 
et al, Phys. Lett. 130B, 444 (1983)]. Right, data from CLEO, also taken at CESR. The upper figure 
is for electrons and the lower for muons. The solid curves are predictions without any b -*■ ulv 
while the dotted curves are predictions for purely b -*■ ulv [A. Chen et al,, Phys. Rev. Lett. 52, 1084, 
(1984)]. All the figures indicate that V(b -»■ civ) >> F(b ->■ ulv). This Cabibbo-Kobayashi- 
Maskawa suppression is analogous to the Cabibbo suppression observed in the decays of charmed 
particles to states without strangeness. 



In Figure 1 1.3 we show data from CUSB and CLEO for the lepton spectra. The evidence 
overwhelmingly supports b — »■ civ as the dominant mode. Data indicated that 



T(b -► ulv) 



< 0.08. 



T(b -*■ civ) 
Correcting for the difference in phase space available for the two modes gives 

\V ub /V cb \ <0.22. 



(11.3) 



(11.4) 



Actual identification of B meson decays promised to be a formidable task, even though 
some lessons had been learned from the study of charm. By focusing on the 4 3 S\ T'" it was 
possible to obtain a good sample of T(4S) — ► BB events (Ref. 11.9). The technique used 
was to identify candidates for D° s and D* + s, using only entirely charged decay modes, 
and combine these with either one or two charged pions. In analogy with the fundamen- 
tal decay c — ► s leading to D + — > K~tc + tt + , the transition b — >• c produces B~ — >■ 
D + n~TC~ , D* + tc~tt~ . The combinations B — > Dn and B -¥ Dnn were required to 
produce B s with energy equal to the beam energy since the decay is T(45) —*■ BB. An 
accumulation of events for mass near 5.275 GeV suggested the observation of exclusive B 
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decays. Ultimately the branching fractions for these modes were determined to be an order 
of magnitude or more smaller than in this first report. 

The CUSB Collaboration observed photons of energy about 50 Me V associated with B B 
production at energies above the Y(4S), which they ascribed to the production of B*B and 
the subsequent decay B* — »■ By. The splitting between the spin-1 B* and the pseudoscalar 
B was determined to be 52 ± 2 ± 4 Me V. Some of the CUSB data are shown in Figure 1 1 .4. 
Precision measurements later by CUSB and CLEO and by the LEP experiments, to be 
discussed in Chapter 12, refined the mass difference to 45.78 ± 0.35 MeV. 

Semileptonic decays were exploited in several experiments to obtain Z?-enriched sam- 
ples of events for B lifetime measurements. The Mark II Collaboration at PEP built a 
vertex detector using a precision drift chamber located close to the interaction point, which 
allowed measurements of the distance of closest approach of the lepton tracks to the 
beam-beam collision region. The experiment found a B lifetime of 1.2^ 036 ± 0.30 ps. 




_l ■ I I I Mil II | |_U ||,| | | 1 [_]_l 

10 100 1000 



PHOTON ENERGY (MeV) 

Figure 1 1.4. The photon energy spectrum obtained by the CUSB Collaboration for events with high 
energy leptons and thrust less than 0.88 (indicative of events more spherical than the ordinary two-jet 
events produced in e + e~ annihilation). These criteria signal the presence of B mesons. The e + e~ 
cm. energy for the solid histogram in (a) is 10.62 - 25 GeV, above the B* B threshold. The dotted 
histogram in (a) was taken at the T(4S), below the B* B threshold. In (b) the spectrum with the 
background subtracted shows a line near 50 MeV, ascribed to B* -*■ By [K. Han et ah, Phys. Rev. 
Lett. 55, 36 (1985)]. 
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A contemporaneous measurement by the MAC experiment at PEP found a similar result: 
1.8±0.6±0.4 ps. The surprisingly large value was confirmed subsequently by the DELCO 
experiment at PEP and TASSO and JADE experiments at PEP and PETRA. This unexpect- 
edly long lifetime indicated that the V c b matrix element is quite small, between 0.030 and 
0.062. From the unitarity of the KM matrix, we conclude that | V cd \ 2 + \ V cs \ 2 + \ V cb \ 2 — 1 , 
so | V cs | sa 0.97, assuming there are just three generations. 

The pattern of decreasing CKM matrix elements - diagonal, first generation to second 
generation, second generation to third generation, first generation to third generation - led 
Lincoln Wolfenstein to propose a particularly convenient representation for the the matrix: 



V = 



1 - 
X 3 A(1 



\ 2 /2 


X 


X 3 A(p — iri) 


X 


1 - X 2 /2 


X 2 A 


p -in) 


-X 2 A 


1 



(11.5) 



where X, p, r\, and A are real parameters. This satisfies unitarity up to corrections of order 
X 4 in the imaginary part and of order X 5 in the real part. 

The CKM picture predicts that the dominant B meson decays are due to b — ► cud and 
b -► ccs. The CLEO Collaboration at CESR and ARGUS Collaboration at the DORIS 
storage ring at DES Y identified decay modes modes of both categories. Each of the numer- 
ous final states of the form Dir, D*jt, D*jijz, etc. accounts for less than 2% of the total, 
but together they constitute the vast majority of decays. The final state like cdcs can appear 
as D + D~ or alternatively as J /-^rK 0 , and similar states with additional pions. The decay 
to J /ifrK® with a branching fraction of about 0.45 x 10~ 3 has a spectacular signal when 
the J/\[r decays to e + e~ or /x + /x~ and was destined to play a central role in future studies. 

An upgraded detector, CLEO II, featured greatly improved tracking and particle iden- 
tification. As the number of accumulated events increased, it became possible to search 
for rarer decays. Of particular importance was the observation in 1993 of B° —>■ K*°y 
and B + — ► K* + y (Ref. 11.10). The decay B —*■ Ky is forbidden since the final state 
necessarily has a component of angular momentum along the y direction of ± 1 . The sig- 
nal was isolated by requiring the photon to have a laboratory energy between 2.1 GeV 
and 2.9 GeV and demanding that there be a Kit with an invariant mass consistent with 
that of the K* . The dominant background, from non B — B events, was suppressed by 
excluding events with a two-jet appearance, characteristic of the production of lower mass 
quarks. The final signals were 6.6 ± 2.8 events in the 5° — >■ K*°y channel and 4.1 ± 2.3 
in the B + — »■ K* + y channel, resulting in branching fractions (4.0 ± 1.7 ± 0.8) x 10~ 5 
and (5.7 ± 3.1 ± 1.1) x 10~ 5 . The significance of these decays is that they establish the 
existence of the whimsically named "penguin" process, shown in Fig. 1 1.5. 

The discovery of the b quark provided an excellent opportunity to test the models pro- 
posed to explain the phenomena associated with the charmed quark. These tests have been 
quite successful in a qualitative and semiquantitative way. The general spacing of bound- 
state levels in the two systems can be understood from a single potential. The systematics 
of the fine structure (the splitting of the p-wave states) is in accord with expectations. The 
rates for radiative decays are in general agreement with the nonrelativistic model. The b 
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Figure 11.5. A penguin process, in which the decaying quark emits a W boson, then reabsorbs it, 
is responsible for the class of decays b — ► sy, and in particular for B — > K*y . Analogous decays 
occur with the y replaced by a gluon. Since the gluon carries no isospin, the penguin process s — > dg 
is purely A/ = 1/2 and explains, in part, the A/ = 1/2 rule. All charge 2/3 quarks contribute to the 
loop, but the t quark makes the dominant contribution because of its large mass. 



quark provided, as well, a possible explanation for CP violation through the complex phase 
in the Cabibbo-Kobayashi-Maskawa matrix. 



Exercises 

11.1 Suppose the quark-antiquark potential obeys the power law V(r) — ar v . Show that 
the binding energies vary with the quark mass as E oc m~ v '( v+ > and that the density 
at the origin |0(O)| 2 for an s-wave state varies as m 3 ^ v+2 K Given that the splitting 
T' — T is nearly identical to that for t/r' — ifr, predict T(T — ► e + e~) from r(tfr — > 
e + e~) if the charge of the new quark is —1/3 oris +2/3. 

11.2 Show that |0(O)| 2 , the s-wave wave function at the origin squared, is related to the 
average force by 



,2 






\UW = — <F>. 

2it 

Hint: write the Schrodinger wave equation for the radial wave function, u and multi- 
ply by u'. Integrate the result from r — 0 to r — oo. 

11.3 Use the results of Exercise 6.5 to determine the e~ spectrum in the decays b — ► ce~v, 
b — »■ ue~ v. Take nib — 5 GeV, m c = 1.5 GeV, m„= 0.3 GeV. 

11.4 * Suppose that the bb or cc interaction can be represented approximately by a non- 
relativistic Schrodinger equation: 



1m r 



V 2 + V(r) 



red 



f = Ef 



where m re d — m/2 is the reduced mass. Then the energy levels are spin-independent 
so 3 Si and 1 Sq are degenerate, as are 3 ^2,1,0 and l Pi, etc. Now consider as perturba- 
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tions the spin dependent forces 



L ■ S V so (r) 






&1 ■ 0"2 Vspin-sp 


in(r) 




3 (T\ ■ T(T2 ■ r — 


&1 ■ 


2 


r 2 







Vfensori 1 ") = SuVtensori 1 ")- 



Here S = \{ci + (T2) is the total spin, and a\ and <T2 are the quark and antiquark 
spin operators. 

a. Which degenerate states are split by each of the interactions? Which nondegener- 
ate state are mixed by the interactions? 

b. Use the relations (try to prove them, too) 



<J,L = J + 1, S=l,M\S n \J,L = J + 1, 
<J,L = J, S=l,M\Sn\J,L = J, 

<J,L = J-1, S = l,M\S n \J,L = J-l, 



S = 


1. 


M 


>— 


2 


L+l 
2L- 1 


S = 


1. 


M 


>— 


+2 




S = 


1. 


M 


>— 


0. 


L 



2L 



to analyze the observed splittings of the 3 P states in the T and xjf systems. Here 
\J, L, S, M > is a state with total angular momentum /, orbital angular momen- 
tum L, total spin angular momentum S, and Jz — M. [See J. D. Jackson, "Lec- 
tures on the New Particles" in Proc. of Summer Institute on Particle Physics, 
Stanford, CA, Aug. 2-13, 1976, M. Zipf, ed.] 

1 1.5 * The relation between the standard relativistic Lorentz invariant amplitude, Ai, (the 
usual Feynman rules generate — iM.) and the conventional scattering amplitude of 
potential theory is 

/ = l ~i=M 

Sjt's/S 

where s is the square of the center-of-mass energy. The center-of-mass differential 
cross section is do/d£l — \f\ 2 . In potential theory, the Born value for / is 



f = ~fd*re-*- T V(ry*- t 



where p and p' are the initial and final momenta. Two body scattering can be treated 
analogously with the modification m —> m re d llce d- If the particles have spin 1/2, 
we generalize the wave function to i/(r)xiX2, where xi and X2 are two-component 
spinors. Thus 

j. m red / ,3 ,t ,t _j„'. r j„. r 

f = — ^r / d r X 2 Xi e p V(r)e' pT xiX2- 
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Suppose M. has the form of vector exchange but with some more general dependence 
on momentum transfer: 

M = u(p4)y ll u(p 2 ) u(p3)y fl u(pi) V{p\ - pz). 

Show that the spin dependent potential is, to leading order 



3 \dV Q 
V(r) = V 0 (r)+—2--iiL.S- 1 

lm L r dr \lm L 



1 Sg( ldVo d2V °\ I (ri " 72 V 2 7 0 
m 2 \ r dr dr 2 1 dm 2 



where S = \{<T\ + (Tq) is the total spin and 



[ d 3 rV 0 (r)e ic * r = V(q). 



Further Reading 

For a discussion of the Cabibbo-Kobayashi-Maskawa matrix see the article in the current 
edition of the Review of Particle Physics. 
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Dimuon production is studied in 400-GeV proton-nucleus collisions, A strong enhance- 
ment is observed at 9.5 GeV mass in a sample of 9000 dimuon events with a mass n^y 
> 5 GeV. 



We have observed a strong enhancement at 9.5 
GeV in the mass spectrum of dimuons produced 
in 400-GeV proton-nucleus collisions. Our con- 
clusions are based upon an analysis of 9000 di- 
muon events with a reconstructed mass m 9 * u - 
gr eater than 5 GeV corresponding to 1,6 >c 10 K 
protons incident on Cu and Pt targets : 
p + (Cu, Pt) - n* + if + anything. 






The produced muons are analyzed in a double- 
arm magnetic-spectrometer system with a mass 
resolution Ara/m (rms)i=2%. 

Ine experimental configuration (Fig. 1) is a 
modification of an earlier dilepton experiment in 
the Fermilab Proton Center Laboratory. 1 " 3 Nar- 
row targets (-0.7 mm) with lengths correspond- 
ing to 30% of an interaction length are employed. 



p 6 P7.B.9 



V f m- 



mam 



IRON DIPOLE 





IS 

METERS 
FIG. 1. Plan view of the apparatus. Each spectrometer arm includes eleven PWC's Pl-Pll, seven scintillation 
counter bodoscopes H1-H7. a drift chamber Dl and a gas- filled threshold Corcnkov counter C. Each arm is up/ 
down symmetric and hence accepts both positive and negative muons. 
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TABLE 1, Yield of muon pairs for various running conditions. 



Analyzing- 












magnet 






No. of 






current 




First 30 cm 


incident 


No 


of events 


(A) 


Target 


absorber 


protons 


m ,,+„-& 5 GeV 


1500 


Cu 


Cu 


8.1xl0 ls 




4093 


1500 


Pt 


Cu 


4.1x10" 




2076 


1250 


Cu 


Cu 


2,5* 1G 15 




1891 


1250 


Pt 


Be 


1.6xl0 ,s 




911 



Beryllium (18 interaction lengths) is used as a 
had run filter, covering the 50-95-mrad (70-110° 
cm.) horizontal and ± 10-mrad vertical aperture 
in each arm. The Be is closely packed against 
steel and tungsten which minimize particle leak- 
age from outside the aperture, especially from 
the tungsten beam dump located 2.2 m downstream 
of the target. Polyethylene (1.5 m) and a 2,2-m 
steel collimator complete the shielding. The 
first 30 cm of beryllium (starting 13 cm down- 
stream of the target center) can be remotely ex- 
changed for 30 cm of copper. 

The spectrometer dipoles deflect vertically, 
decoupling the production angle of each muon 



from its momentum determination. At full ex- 
citation (1500 A), the magnets provide a trans- 
verse momentum kick/>,s= 1.2 GeV. In order to 
maximize the usable luminosity, no detectors 
are placed upstream of the magnet. Convention- 
al proportional wire chambers (PWC's) and scin- 
tillation hodoscopes serve to define the muon 
trajectory downstream of the air dipole. Follow- 
ing the PWC's is a solid iron magnet (1.8 m long, 
energized to 20 kG) used to refocus partially the 
muons vertically and to redetermine the muon 
momentum to ± Vt%. A threshold C"erenkov count- 
er on each arm also helps prevent possible low- 
momentum muon triggers. The apparatus is ar- 
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FIG. 2. (a) Mmuon yield at 1500 and 1250 A; the data with Cu and Pt targets have been combined. Also shown is 
the mass spectrum generated by combining two muons from different events, (b) Excess of opposite- sign over 
equal- sign muon pairs in the tf , i)i' region, Ic) Dlmuon mass acceptance for the two excitations of the air dipole. 
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ranged symmetrically with respect to the hori- 
zontal median plane in order to detect both ;u + 
and ii~ in each arm. 

The data sets presented here are listed in Ta- 
ble I. Low-current runs produced ~ 15 000 J/jji 
and 1000 ip' particles which provide a test of res- 
olution, normalization, and uniformity of re- 
sponse over various parts of the detector. Fig- 
ure 2(b) shows the 1250- A J/ ip and ip' data. The 
yields are in reasonable agreement with our ear- 
lier measurements. 2 

High-mass data (1250 and 1500 A) were collect- 
ed at a rate of 20 events/h for m^,,- > 5 GeV us- 
ing (1.5-3)x 10 11 incident protons per accelerator 
cycle. The proton intensity is limited by the re- 
quirement that the singles rate at any detector 
plane not exceed 10 7 counts/sec. The copper 
section of the hadron filter has the effect of low- 
ering the singles rates by a factor of 2, permit- 
ting a corresponding increase in protons on tar- 
get. The penalty is an ~ 15% worsening of the res- 
olution at 10 GeV mass. Figure 2(a) shows the 
yield of muon pairs obtained in this work. 

At the present stage of the analysis, the follow- 
ing conclusions may be drawn from the data [Fig. 
3(a)]: 

(1) A statistically significant enhancement is ob- 
served at 9.5-GeV n + n" mass. 

(2) By exclusion of the 8.8-10.6-GeV region, 
the continuum of /xV pairs falls smoothly with 
mass. A simple functional form, 



[da/dmdy] y , 



=Ae~" 



withA = (1.89±0.23)xl0" 33 cm 2 /GeV/nucleon and 
6 = 0.98± 0.02 GeV" 1 , gives a good fit to the data 
for 6 GeV <m IH . ll .< 12 GeV (x 2 = 21 for 19 degrees 
of freedom). 4 ' 5 

(3) In the excluded mass region, the continuum 
fit predicts 350 events. The data contain 770 
events. 

(4) The observed width of the enhancement is 
greater than our apparatus resolution of a full 
width at half-maximum (FWHM) of 0.5 ±0.1 GeV. 
Fitting the data minus the continuum fit [Fig. 
3(b)] with a simple Gaussian of variable width 
yields the following parameters (B is the branch- 
ing ratio to two muons): 

Mass = 9. 54 ±0.04 GeV, 

[Bdo/dy] s=0 = (3.4± 0.3)x 10" 37 cm 2 /nuc!eon, 

with FWHM=1.16±0.09 GeV and x 2 =52 for 27 
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FIG. 3. (a) Measured dimuon production cross sec- 
tions as a function of the invariant mass of the muon 
pair. The solid line is the continuum fit outlined in the 
text. The equal- sign— dimuon cross section is also 
shown, (b) The same cross sections as in (a) with the 
smooth exponential continuum fit subtracted in order to 
reveal the 9— 10-GeV region in more detail. 



degrees of freedom (Ref. 5). An alternative fit 
with two Gaussians whose widths are fixed at the 
resolution of the apparatus yields 

Mass = 9.44± 0.03 and 10.17±0.05 GeV, 
[Bda/dy\= 0 = (2.3±0.2) and (0.9±0.1) 

x 10" 37 cm 2 /nucleon, 

with x 2 = 41 for 26 degrees of freedom (Ref. 5). 

The Monte Carlo program used to calculate the 
acceptance [see Fig. 2(c)] and resolution of the 
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apparatus assumed a mass, p t , rapidity and de- 
cay angular distribution of the fx + M" pair consis- 
tent with these data and previously published di- 
lepton searches. It also included all multiple- 
scattering effects in the hadron absorber and de- 
tector resolutions. The conclusions stated above 
are insensitive to these assumptions. In particu- 
lar we note that the acceptance is relatively flat 
in the 9-10-GeV region. 

The following checks have been made to verify 
the validity of the conclusions reached above: 

(1) The spectrum of fi*ji* and ji" p." events in 
Fig. 3(a) constitute an upper limit on the com- 
bined effects of accidental coincidences and had- 
ronic decays. Misidentified if— m* +i l " decays 
are prevented from producing background at high 
mass by the remeasurement of the muon momen- 
ta both downstream by the second magnet and al- 
so by the PWC at the center of the first magnet. 
This is confirmed by the clean separation of the 
ip and $' peaks in Fig. 2(a). Their widths agree 
with the calculated apparatus resolution. 

(2) Various subsets of the data were studied in 
order to search for possible apparatus bias. In 
addition to the subsets shown in Table I, data 
were studied as a function of magnet polarity and 
magnetic bend direction. All fits showed en- 
hancements consistent with the values quoted 
above. 

(3) To check our analysis software (and as a 
further check of the apparatus), we mixed muons 
from different events, yielding the smooth mass 
spectrum shown in Fig. 2(a). The geometrical 
distribution of events in the 9-10-GeV region at 
the various detector planes in the apparatus is 
consistent with that of events in neighboring mass 
bins. 

(4) The longitudinal distribution of muon-pair 
vertices at the target (FWHM = 16 cm) is cleanly 
separated from events generated in the beam 
dump, 220 cm downstream. A separate target- 
out run with 6x 10 14 incident protons produced no 
acceptable n*tx~ candidates above 6 GeV (an equiv- 
alent run with a Cu or Pt target would have yield- 



ed about 200 events with 25 of these in the 9-10- 
GeV region). 

In conclusion, the measured spectrum of h + ji" 
pairs produced in proton-nucleus collisions shows 
significant structure 6 in the 9-10-GeV region on 
an exponentially falling continuum. The struc- 
ture is wider than the apparatus resolution. The 
9.5-GeV enhancement and the continuum are in 
agreement with our previous measurements. 7 
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Cu and Pt yields were reduced to cross sections per 
nucleon by assuming an atomic-number dependence of 
A'-". 

5 The errors quoted on the magnitude of the continuum 
and resonance cross sections and the resonance masses 
are statistical only. Systematic normalization effects 
are probably less than 25% and do not affect the conclu- 
sions drawn here. Systematic errors on the mass cali- 
bration are probably less than 1%. 

'Following Ref. 1, a reasonable designation for this 
enhancement is T(9.5). 

7 We note that the 9-10-GeV mass bin in the e*e~ and 
li*H~ spectra previously published by this group (Ref. 3) 
shows an excess of events , consistent with the statisti- 
cally more significant results here. If we add our pre- 
liminary unpublished e + e" data to our published e*e" 
yield (Ref. 1) , the spectrum contains a cluster of 6 
e+e~ events near 9.5 GeV where ~ 5 events would be ex- 
pected on the assumption of p.-e universality. 
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An experiment using the PLUTO detector has observed the formation of a narrow, high mass, resonance in e + e~ annihi- 
lations at the DORIS storage ring. The mass is determined to be 9.46 ± 0.01 GeV which is consistent with that of the 
Upsilon. The gaussian width o is observed as 8 ± 1 MeV and is equal to the DORIS energy resolution. This suggests that the 
resonance is a bound state of a new heavy quark-antiquark pair. An electronic width r ee ~ 1.3 ± 0.4 keV was obtained. In 
standard theoretical models, this favors a quark charge assignment of -1/3. 



The existence of the Upsilon particle recently dis- 
covered in proton interactions by Herb et al. [1 ] is of 
considerable interest. Not only is it exceptionally mas- 
sive (9.4 GeV), but its observed decay to muon pairs 
implies that it is probably quite narrow. The observed 
width of about 500 MeV is consistent with their ex- 
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perimental resolution. The situation is analogous to 
that of the l/\p and suggests that the Upsilon is a 
bound state of a new heavy quark-antiquark pair [2] . 
We report on an experiment, which has observed the 
formation of the Upsilon, using the PLUTO detector 
at the electron positron storage ring DORIS. It sets a 
substantially lower upper limit on the total width. 
From our measurement of the Upsilon production 
cross section we obtain T ee - its electronic partial 
width. T ee in turn may be used to determine the 
charge of the constituent quark-antiquark pair. 
The energy of the storage ring DORIS has recently 
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Fig- 1. Schematic views of the PLUTO detector. Sections (a) perpendicular to and (b) containing the beam axis. 



been upgraded to make possible measurements for cen- 
ter of mass energies up to 10 GeV. In order to achieve 
this goal the machine was modified to operate in a sin- 
gle ring, single bunch mode. The detector PLUTO [3] , 
see fig. 1 , has also been improved by installing a cylin- 
drical array (barrel) of shower counters (8.6 radiation 
lengths) and proportional tubes and by covering the 
ends of the cylindrical detector by a second set of 
shower counters (10.5 radiation lengths) and propor- 
tional wire chambers. These improvements bring the 
total gamma and electron coverage to approximately 
94% of 4 jr. Cylindrical proportional wire chambers 
covering 92% of 4jr and operating in a field of 1 .69 T 
are used for track recognition and momentum measure- 
ment. The detector was triggered either by ihe pres- 
ence of tracks in the wire chambers, by sufficient de- 
tected energy in the shower counters, or by a combina- 
tion of the two. The luminosity was monitored by a 
set of shower counter telescopes which record Bhabha 
scatters at an angle to the beam of about 7°. We find 
good agreement between this monitor and the rate of 
large angle Bhabhas observed in the barrel shower coun- 
ters. Reference points were taken at center of mass ener- 
gies of 9.20 GeV and 9.30 GeV. The resonance search 
was made from 9.35 GeV upwards in steps of either 5 
or iO MeV. The average integrated luminosity per 10 
MeV was -20 nb -1 . 



In order to obtain substantial background reduction 
and fast feedback during the energy scan we analysed 
in the first off-line pass only those events with energy 
equivalent in the shower counters greater than 2 GeV. 
The bulk of the data reported here are subject to this 
restriction. Cosmic ray background was further reduced 
by making use of the bunch crossing time. 

To obtain the total cross section for hadron produc- 
tion, we selected events with at least two charged 
tracks having a vertex within the prescribed interaction 
region. QED events were removed by the combined 
usage of a coplanarity cut and a shower recognition 
algorithm. To remove beam gas interactions cuts were 
imposed on the total visible energy and the missing 
mass in the final state. Remaining beam gas events 
were removed if they showed a substantial excess of 
positive charge. The effect of the energy cut was stud- 
ied by analysing a subsample completely. We estimate 
that 51% of the hadronic events are being detected and 
analysed in the first off-line step. 

Fig. 2 shows the lota! cross section for hadron pro- 
duction as a function of the center of mass energy. In 
addition to the statistical errors, shown in the figure, 
there is an overall estimated systematic uncertainty of 
20%. Radiative corrections have not been applied. A 
resonance is seen in the region of 9.S GeV. Fitting a 
gaussian to the peak on a 1/s background we obtain a 
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Fig. 2. Total cross section for hadron production in e + e~-anni- 
hilation as a function of center of mass energy. There is an ad- 
ditional systematic error (not shown) of 20%. Contributions 
from the heavy lepton are included. 



mass of 9.46 ± 0.01 GeV. The error in mass comes 
from the 0. 1% uncertainty in the absolute calibration 
of DORIS energy. Our mass value is in agreement with 
the value of 9.40 GeV measured by Innes et al. [ 1 ] , 
when their quoted systematic uncertainty of less than 
1% is considered [4] . The gaussian width o is 7.8 
± 0.9 MeV which is consistent with the theoretically 
estimated energy spread [5] of 8 MeV in the storage 
ring. The actual resonance width is therefore less than 
18 MeV (FWHM). This adds weight to the supposition 
that the Upsilon is a bound state of a new quark-anti- 
quark pair. 

The relation between the integral over the cross sec- 
tion for resonant hadronic production cr h , the reso- 
nance mass A/ R , the electronic width T ee , the hadron- 
ic width r h , and the total width r tot is given by 



/ 



o h &M = 



6ir 



2 r ee r h 



a/2 r tot 

On the standard assumption that the hadronic width 
dominates the total width, (r h sw r tot ) one obtains 
T ee directly from the measured integral and the mass. 
Our result is T ee = 0.8 ± 0.2 keV. An estimate of the 
radiative corrections raises this to 1.3 ± 0.4 keV. Mod- 
els for quark binding in nonrelativistic potentials re- 
late T ee to the charge of the constituent quarks. In the 
standard model [6] our measurement implies a charge 
of —1/3 for the new heavy quark. 



In summary we have observed the formation of a 
high mass, narrow resonance in e + e~ annihilation at 
DORIS. We determine the mass to be (9.46 ± 0.01) 
GeV and therefore associate it with the Upsilon reso- 
nance seen by Herb et al. [1 ] . We observe a gaussian 
width of 7.8 MeV which is consistent with the energy 
resolution of the storage ring and supports the inter- 
pretation that the Upsilon is a bound state of a new 
heavy quark-antiquark pair. Our determination of T ee 
as 1.3 ± 0.4 keV favors an assignment of -1/3 for the 
charge of the new quark. 

We are grateful to D. Degele and his colleagues at 
DORIS, H. Gerke, K. Holm, R.D. Kohaupt, 
G. Miihlhaupt, H. Nesemann, S. Patzold, A. Piwinski, 
R. Rossmanith, K. Wille and A. Wrulich, whose out- 
standing efforts made these measurements possible. We 
also wish to thank C. Brown, W. Innes and L. Lederman 
for additional information about systematics of their 
Upsilon mass determination. We are indebted to all the 
service groups which supported the experiment, namely 
the computer center, the synchrotron staff, the gas 
supply group and the vacuum group. Our special 
thanks go to our technicians, those from DESY, 
Hamburg University and Siegen who have constructed 
most of the detector parts and took care of it during 
running times, and those from the cryogenic group 
who have maintained the superconducting operation 
during all the years. The non-DESY members of the 
PLUTO group want to thank the directorium for sup- 
port and hospitality extended to them. 
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The r' state has been observed as a narrow resonance at M(T') = 10.02 ± 0.02 GeV in e + e~ annihilations, using a Nal 
and lead-glass detector in the DORIS storage ring at DESY. The ratio r ee r aaa 7r lo t of electronic, hadronic, and total 
widths has been measured to be 0.32 ± 0.13 keV. The parameters of the T particle have also been determined to beJVf(T) 
= 9.46 ± 0.01 and Tegrhad/rtot = 1-04-1 0.28 keV. The mass difference is M(T') - Af(T) = 0.56 ± 0.01 GeV. 



The two massive particles T(9.4) and T'(10.0) dis- 
covered by Herb et al. [1 ] were produced in 400 GeV 
proton nucleus collisions and were observed in their 
ju + jti _ decay with a mass resolution of about 200 MeV 
(rms). It was thought that they could be bound states 
of a quark—antiquark pair in analogy to the J/*I>(3.1) 
and *'^3.7) states, but composed of a new type of 
quark. In this context it is essential to establish a nar- 
row width, and to measure the mass difference accu- 
rately. In the framework of such quarkonium models 
[2] , the charge of the new quark is related to the elec- 
tronic partial widths r ee which are, therefore, of con- 
siderable interest. These quantities can most conven- 
iently be determined if the T resonances are formed in 
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e + e annihilations, a process expected to occur since 
they decayed into u + fi~. 

This had prompted the efforts of the DORIS ma- 
chine group to extend the energy range of the storage 
ring beyond its original limits. DORIS was modified to 
operate as a single-ring single-bunch machine, and in 
April 1978 it had reached energies up to 9.6 GeV. Us- 
ing this modified machine the existence of the T reso- 
nance was confirmed by the PLUTO [3] and DASP II 
[4] groups. The mass of the resonance was found to 
be 9.46 ± 0.01 GeV, and r ee r had /r tot was measured 
to be 1 .3 ± 0.4 keV. In July 1978 additional cavities 
were installed in the DORIS ring, which allowed a 
search for the T' resonance expected above 10 GeV. 

Here we present the results of measurements per- 
formed with the DESY-Heidelberg Nal and lead-glass 
detector in June and August 1978. During the first 
period the T resonance was measured, whereas during 
the second period the 10 GeV region was scanned and 
the T' resonance observed. 
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Fig. I- Layout of the Nat lead-glass detector: (a) cross section perpendicular to the e*e beam directions; (b) "exploded view" of 
the arrangement of energy detectors. 



The layout of the apparatus is shown in fig. 1 . This 
non-magnetic detector was described in detail in ref. 
[5] . For the measurements presented here, use has 
been made of the following parts: an inner detector 
measures the directions of charged particles; it has 
three cylindrical double-drift chambers and two scin- 
tillation hodoscopes. An outer box of energy counters 
(Nal and lead glass) determines the energy and direc- 
tion of photons and electrons originating from the in- 
teraction point. The side walls have a total thickness 
of 15.2 X 0 (radiation lengths). The lead glass at top 
and bottom has 12.7 Xq. The lead converter between 
the second and third drift chamber of the inner detec- 
tor has a thickness of 1 Xq. Minimum ionizing particles 
deposit about 200 MeV energy. The inner detector, as 
well as the energy counters, cover a solid angle of 86% 
of4jr. 

The trigger consisted of several combinations of 
charged track multiplicities and a minimum total de- 
posited energy as described in ref. [5] , An on-line fil- 
ter eliminated beam— gas interactions that were easily 
recognized by their oblique incidence in the chambers, 
tn the data reduction the following cuts were applied 
in order to isolate events of the type e + e~ •* hadrons; 
more than 1 .8 GeV seen in the energy detector; at 
least three charged tracks recognized; at least 10% of 



the energy seen in the energy detector correlated with 
charged tracks. In a hand-scan, all events were elimi- 
nated which had drift chamber timing information in- 
consistent with the geometry of beam-beam interac- 
tions. Table I shows the breakdown of the events as 
they pass through the filtering procedure. 

The "visible cross section" o V j S was obtained by di- 
viding the number of observed hadronic events by die 
time-integrated luminosity measured with the large- 
angle (a > 36°) Bhabha events in the same apparatus 
for each energy point. The luminosity was also mea- 
sured in a set of four counter telescopes for Bhabha 
scattering under 7°. Both measurements agreed within 
±30%. 

Fig, 2 shows how C7 v j s depends on the centre-of- 
mass energy v^. The T is seen near 9.46 GeV above a 

Table 1 

Number of events in the filtering procedure and luminosity. 



T region 



T' region 



Triggers 


3.4 X 10 6 


5.1 X 10 s 


Left after on-line filter 


4.6 X 10 5 


9.1 x 10 5 


Left after off-line filter 


2500 


770 


Ijeft after hand-scan 


1200 


420 


integrated luminosity (nb~ l ) 


173 


120 
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Fig. 2. Observed cross section a v j s (e + e~ -» hadrons) in the T and T' regions (centre scale common to both measurements). The two 
outer scales represent the data after normalization to the expected level of continuum based on R - 4.7 (see text). The two outer 
scales are different by >»10%, reflecting the systematic errors between the independent normalizations of the two measurements. 



nearly constant continuum of 3.7 nb, and the T' reso- 
nance is seen for the first time to be formed in e + e~ 
annihilations, above a continuum of 2.7 nb. We note 
that the T' signal is also very clearly visible in the 
event sample defined by the off-line filter. 

The energy dependence of a vis was fitted around 
each resonance by a radiatively corrected gaussian 
resolution function (according to ref. [6] ) over a 
background proportional to 1/s. At the present time 
we are not able to calculate the exact amount of 
losses of hadronic events due to our filtering procedure. 
They are probably between 10% and 30% and are 
roughly independent of s. The visible cross section 
was normalized to 4.16 nb at 9.4 GeV and to 3.68 nb 
at 10.0 GeV to correspond to a value of R = o^/a^ 
of 4.2 derived from R(\/s = 5 GeV) = 4.7 [7] minus 
0.5 units for undetected heavy-lepton decays due to 
our event selection. R was assumed to be energy inde- 
pendent between 5 and 10 GeV. 

We foudn the resonances at masses of M(T) = 9.46 
+ 0.01 GeV,Af(T') = 10.02 ±0.02 GeV; AAf= 0.56 
± 0.01 GeV where the errors are from the machine [8] . 
The mass difference is only 29 ± 10 MeV less than the 



one between J/"* and *', contrary to expectations 
based on universal potentials, "Coulomb + linear" [2] , 
for the charmed and the new quarks. 

The observed widths were found to be a(T) = (7.1 
± 0.8) MeV and ct(T') = (12 ± 4) MeV. These are con- 
sistent with the energy resolution of the storage ring 
calculated to be cr(9.S) = (7.8 ± 0.8) MeV at the T and 
a(10.0) = (8.7 + 0.9) MeV at the T'. The machine val- 
ue was used in the following determination of the area 
under the T'. 

The areas under the normalized resonance curves 
were A{T) = 208 + 25 MeV nb and A(T') = 59 ± 15 
MeV nb, which turned into ^ 0 ( T ) = 267 * 32 MeV 
nb and ^ 0 (T') = 74 ± 19 MeV nb after radiative cor- 
rections. We assume the T and T' are J p = 1 ~ objects, 
for which the ratio of electronic, hadronic, and total 
widths is 

ree r had/ r tot = ^r 2 es/ 6 ^0* r ee' 
We obtained: 

reelWrtot = (1 -0* ± 0-28) keV for the T, 
(0.32 ± 0.13) keV for the T\ 
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thus confirming the earlier measurement of the T 
[3,4] , whereas the T'-value is new. The errors contain 
a statistical contribution of +0.13 keV (T) and ±0.08 
keV (T'), and a common systematic contribution of 
±1 5%. The ratio 0.32/1 .04 is, therefore, known with a 
precision of ±28%. In the quarkonium picture [2] 
such values of T ee favour the assignment of charge 
1/3 to the new quark. Our small r ee (T') seems to ex- 
clude a charge of 2/3 [9] . 

This work would not have been possible without 
the successful operation of the DORIS storage ring, 
which the machine group was able to run far beyond 
its original specifications. We are very grateful to the 
old DESY— Heidelberg group, who built the experi- 
ment and let us use their software. We are indebted to 
all the service groups who supported the experiment, 
i.e. the computer centre, the synchrotron staff, and 
the vacuum group as well as our technicians. The non- 



DESY members of our collaboration want to thank 
the DESY directorate for their hospitality. 
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During an energy scan at the Cornell Electron Storage Ring, with use of the Columbia 
University— Stony Brook Nal detector, an enhancement in o-{e*e~ -* hadrons) is observed 
at center-of-mass energy ~10.55 GeV. The mass and leptonic width of this state (T"') 
suggest that it is the 4 3 S, bound state of the b quark and its antiquark. After applying to 
the data a cut in a (pseudo) thrust variable, the natural width is measured to be r = 12.6 
± 6.0 MeV, indicating that the T'" is above the threshold for BB production. 



PACS numbers: 13.65. + i, 14.40.Pe 

In the quarkonium model, 1 vector mesons are 
considered to be triplet S states of a quark-anti- 
quark system in a "Coulombic-plus-confining" 
potential, with the number of quasistable radial 
excited states increasing with the mass of the 
quark. In particular, for the b quark (M~ 5 GeV) 
the 1 3 S„ 2 3 S 1( and 3 3 S, states (T, T', and T") 
have been observed as narrow enhancements in 
o(e*e~ ~ hadrons), 2 " 4 as well as in proton-nucleon 
scattering. 5 A 4 3 S l state should also exist, with 
an excitation energy of -1.15 GeV. The 4 3 S X 
state is expected to be close to the threshold for 
BB production, 6 where B is a pseudoscalar bound 
system of b and u or d quarks. If the 4 3 S X state 
lies below the BB threshold, its natural width 
would be well below 1 whereas if it lies above the 
BB threshold, the opening up of decay channels 
would result in a natural width which increases 
rapidly with M (4 3 S 1 ) - 2A/(B). 7 

We report here on the production of a new state 
in the T family, the T'", which we identify, from 
a measurement of its leptonic width T ee , with the 
4 3 S 1 bb state. In addition, we observe a total 
width r ohs (4 3 S 1 )~19 MeV; unfolding the contribu- 
tion (r~10.8 MeV) due to the Cornell Electron 
Storage Ring (CESR) beam-energy spread gives 
a natural width r~12.6 MeV. This suggests that 
this state is above the BB threshold. We also ob- 
tain the (pseudo) thrust distribution for this new 
state and compare it with the corresponding dis- 
tribution obtained for the continuum and for the 



These results were obtained in a twenty-day 
run covering the energy range 10.46 to 10.60 
GeV, with an integrated luminosity of 1100 nb" 1 . 
We had seen preliminary evidence for the new 
state during a run covering 10.55 to 10.80 GeV 
with a total integrated luminosity of 400 nb" 1 . 
During the present run, we also collected data 
at the 1 3 S X (T) with 300 nb" 1 and at the 3 3 S,(T") 
with 150 nb" '. 

The principle of the Columbia University-Stony 
Brook layered Nal detector has been described 
in our previous Letter, 4 in which we reported the 
first measurements of the T, T', and T" at 
CESR. For the present run, the complete Nal 
array was available, and for half of the run, in 
three of the four quadrants, drift chambers be- 
tween the beam pipe and the Nal array were in 
operation. The Nal array consists of five radial 
layers, each subdivided into two polar halves 
and 32 azimuthal sectors (see Fig. 1). In con- 
trast to its earlier configuration, our detector 
now covers the polar angle range 45°< 9 < 135° 
and a solid angle of approximately two-thirds of 
4ff , with each of the 64 sectors covering ~ 1% of 
4ir. In the following, we consider the detector as 
being composed of eight octants, four with 90° 
< 9 < 135° (West) and four with 45° < 9 < 90° (East), 
each spanning Acp intervals of 90°. 

The operation of the detector was also described 
in Ref. 4. All Nal signals are integrated every 
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FIG. 1. A front view and a cut-away side view of the 
Nal array. An error bar shows the length of the Inter- 
action region. 



machine cycle (2.56 fis) but are digitized only if 
a trigger is present. Only a single total-energy 
trigger is used, requiring * 700 MeV to be de- 
posited in the outer three layers of the Nal array. 
Hadronic and large -angle Bhabha- scattering 
yields in the detector are monitored on line by 
counting on scalers events satisfying appropriate 
criteria. The hadronic criterion requires that 
the total energy deposited in the outer three Nal 
layers, E Na i, be in the range 1.2 GeV<£ N3 i <3.6 
GeV, that two or more octants in each half have 
^ 100 MeV deposited in the outer four layers, 
and that two such octants be collinear with the in- 
teraction point. The hadron monitor sensitivity 
is such that the T and T" signals are clearly visi- 
ble in a few hours' run (-15 nb" '); this monitor 
also provided an on-line indication of the t'". 
The Bhabha- Scattering criterion requires that 
^Nai* 5.4 GeV, and that two collinear octants 
each have s 100 MeV in the outer four layers. 
These on-line "Bhabhas" comprise approximate- 
ly 80% of those found later in off-line analysis 
and Serve as an on-line consistency check of the 
beam luminosity measurement obtained from the 
luminosity counters (which detect small-angle 
Bhabha scatterings). Additional electronic cri- 
teria were used to monitor and veto poor beam 
conditions. Typically we write 150 events on 
tape per inverse nanobarn of integrated luminosi- 
ty, of which, at the T, about 15% are hadronic 
events and 10% are large-angle Bhabha scatter- 
ing events. The live time of our detection sys- 
tem is 99.0%. 

"e + e~ — hadrons" events are recognized clearly 
in our detector. Photons from n° and r) decay 
are detected as electromagnetic showers. 
Charged particles which do not shower electro- 
magnetically nevertheless leave a clear signature 



since the five layers of Nal give five independent 
measurements of dE/dx. Recognition of "tracks" 
left in the Nal by minimum-ionizing particles is 
central to our hadronic -event -select ion algorithms. 
Events containing at least one "track" pointing 
towards the beam and some additional energy dep- 
osition are hadronic candidates. Additional cri- 
teria imposed at succeeding levels of analysis in- 
clude requirements that additional "tracks" or 
showers be present, and that energy be deposited 
in both the East and West halves of the detector. 

Several independent hadronic -event- select ion 
computer algorithms were developed. To guide 
us in this process, one or more physicists have 
examined over 95% of the hadronic-event candi- 
dates in the T'" energy scan. The various al- 
gorithms have efficiencies for continuum events 
of from 60 to 75% and background contaminations 
between 1 and 5%. The inefficiencies include loss 
of events due to detector solid angle. The back- 
ground estimates are obtained from single-beam 
runs, and from reconstructed vertex position for 
those events having drift -chamber information. 
While the numbers of events found by the various 
algorithms and the on-line hadron monitor differ, 
the determinations of masses, widths, and rela- 
tive cross sections of the resonances are in good 
agreement. 

The present run yielded 5000 hadronic events 
at the T, 450 at the T", and 3000 in the region 
around the T'", for a total 1550 nb" ' of integrat- 
ed luminosity. The data are shown in Fig. 2(a). 
They have been normalized with use of the meas- 
ured small -angle and large -angle Bhabha yields. 
Comparison of our observed cross sections with 
those measured at DORIS 2 and by CLEO 3 indicates 
that the product of acceptance by efficiency for 
our detector is approximately 73% for the contin- 
uum and 82% for the T. 

A peak in the cross section is visible at a mass 
of 10.55 GeV. As has been shown in the DORIS 
experiments, 8 the spatial distributions of the con- 
tinuum and T decay events are different. We 
choose here to test this difference using a simpli- 
fied thrust variable, T', defined as the maximum 
of Zj I E Nsl ■ n\ /S^Nai over all possible n per- 
pendicular to the beam axis. The distributions 
of T' for T and continuum events are given in 
Fig. 3. The difference between the two cases is 
quite evident and agrees with the conjecture that 
continuum events have a two-jet-like structure 
while resonance decays have a more spherical 
distribution. A cut at 7"' < 0.85 has been made for 
all the data and the result is shown in Fig. 2(b). 
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FIG. 2. (a) The observed cross section for e + e~ 
— hadrons multiplied by k- (M/M?) 2 . M is the e*e~ 
invariant mass, (b) The same cross section after re- 
moving events with T * 0,85. The lines are fitted to 
the data including machine energy spread and radiative 
corrections. See text for explanation. 



The cut removes 52% of the continuum events but 
only 26% of resonance events. 

We determine the parameters of the 1"' by fit- 
ting the data sample with T' <0.85; the uncut data 
give similar results but with less statistical sig- 
nificance. A fit to a constant continuum plus a 
Gaussian with radiative corrections gives an ap- 
parent machine energy spread of r = 19± 4 MeV. 
We have also fitted the parameters o£ the t using 
our data from this running period, cut on T' 
<0.B5. This gives a full width at half maximum 
(FWHM> machine energy spread at the T of 8.7 
* 0.7 MeV. Scaling this by the expected (E bM m ) a 
dependence yields a FWHM at the T'" of r =10.8 
±0.9 MeV. This is inconsistent with the observed 
result by 2 standard deviations. We therefore as- 
sume a Breit-Wigner, rather than Gaussian, res- 
onance shape for the enhancement, fold in the 
machine energy spread and radiative corrections, 
and fit the T'" data with the resulting curve. The 
mass values are calculated from the CESR ener- 
gy calibration, which gives a mass for the T 0.3% 
below the DORIS values. 2 * 1 The mass difference 
isAf(T'")-A/(T) = ill4±2 MeV with systematic 
uncertainty of 5 MeV. The ratio of leptonic widths 
calculated from the fitted areas is r„(T"')/ 
T„(T) =0.25 * 0.07. Both the mass difference and 
the ratio of leptonic widths are in excellent agree- 
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FIG. 3. Solid line, pseudothrust (see text) distribu- 
tion for events in the T regionj dashed line, distribu- 
tion for continuum events. Data points are for events 
from the X" ' ' region, showing contributions from both 
distributions. 



ment with many phenomenological calculations 
for the 4 3 S, state of So. 1 - 8 ' 9 Therefore, we con- 
clude that the enhancement observed at M= 10.547 
GeV is most likely that state. 

The natural width of the enhancement is also 
of great interest. Our fit gives a natural width 
r=12.6±6.0MeV. If we constrain the natural 
width to be much smaller than the machine ener- 
gy spread, x a increased by 8.3, from 40.3 for 
thirty degrees of freedom to 48.6 for 29 degrees 
of freedom. Thus, our value for the natural 
width is inconsistent with the expected width of 
less than 1 MeV for a resonance below BB thresh- 
old. A similar result has been obtained by the 
CLEO collaboration at CESR. 10 This implies that 
T'" is above threshold and that the mass of the 
B is less than 5.275 GeV. It also implies a pro- 
duction rate for B mesons which is greatly en- 
hanced above the level in the neighboring contin- 
uum. If this is confirmed, the study of the T'" 
events should contribute enormously toward our 
understanding of the B meson. 
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B -meson decays to final states consisting of a D° or D** and one or two charged pions 
have been observed. The charged- B mass is 5270.8 ± 2.3 ±2.0 MeV and the neutral- £ mass 
is 5274.2*1.9 ±2.0 MeV. 

PACS numbers: 14.40.Jz, 13.25. + m, 13.65.+i 

The upsilon states 1 are interpreted as q-q res- Storage Ring) and the observation that the decay 

onances of a new quark, the b quark. The first products from the T(4S) include high-momentum 

three resonances are narrow, 2,3 implying bound leptons 5 imply that the T(4S) decays strongly 

b flavor and a suppressed strong decay. The into BB meson pairs, which then decay weakly, 

large width of the T(4S) resonance discovered Until now, however, the 6-flavored mesons them- 

at the e + e" storage ring CESR 4 (Cornell Electron selves had not been found. Here we report that 
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discovery. 

The b quark has been shown to decay predomi- 
nantly to the c quark. 6 Thus the principal decay 
mode of the B meson will be to a charmed meson 
plus pions. Since the high multiplicity inT(4S) 
decay 7 leads to large combinatorial background, 
we have restricted our search to low- multiplicity 
decay modes, D° or D* 1 plus one or two charged 
pions. 

The data sample used is 40.7 pb" 1 of T(4S) data 
and 19.6 pb" 1 of continuum data taken with the 
CLEO detector at CESR. The T(4S) cross section 
is a 1.0-nb enhancement above a 2.5-nb continuum 
contribution. The detector has been described in 
detail elsewhere. 8 In this work we have used the 
cylindrical drift chamber inside a 1.0-T solenoid 
magnet to determine momenta of charged parti- 
cles. In addition we have used the dE/dx- meas- 
uring wire proportional chambers and the time- 
of-f light scintillation counters located outside the 
solenoid magnet to identify charged kaons over a 
momentum range from 0.45 to 1.0 GeV/c. 

The two-body decay modes, D°~K 'it* and its 
charge conjugate, were used to find D° mesons. 
Identified kaons were paired with each oppositely 
charged particle in the event (assumed to be a 
pion). The combination was kept only if its mo- 
mentum was below 2.6 GeV/c, since D°'s from B 
decay cannot exceed this momentum. The result- 
ing K i n' t mass distribution is shown in Fig. 1(a). 
Mass combinations within ± 40 MeV of the D" 
mass were kept as D° candidates. 

We looked for charged D* mesons through the 
cascade D*+~D°ti* , D°~K~ir* and its charge 
conjugate. We did not require that the charged 
kaon be identified as such. Rather we first 
formed mass combinations of all pairs of oppo- 
sitely charged particles in an event, assuming 
that each particle in turn is a kaon. We then 
added an additional particle (assumed to be a 
pion) of charge opposite to that of the assumed 
kaon. We kept as D* candidates the combina- 
tions for which the [Khtt,K u] mass difference 
was within ± 3.0 MeV of the [D* i ,D°] mass dif- 
ference of 145.4 MeV, 9 and Kir masses within 
± 80 MeV of the D° mass. We further required 
that the D* candidate have momentum below 2.6 
GeV/c, eliminating the high-momentum D* con- 
tribution from the continuum. With these re- 
quirements the D* 1 signal is hidden under con- 
siderable background. By demanding a more re- 
strictive set of conditions [see Fig. 1(b)], we 
demonstrate that the T(4S) decays contain a D* 1 
signal. Because these latter restrictions lower 
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FIG. 1. (a) Mass distribution of K t ir r , for Kit mo- 
menta below 2.6 GeV/c, using identified kaons. The 
solid line shows data from 40.7 pb -1 of T(4S) running; 
the dashed line is from 19.6 pb" 1 of continuum running 
at energies just below the T(4S). A D° signal at 1.86 
GeV is evident in the 4S data, (b) (K ± -n r n : ')-{K ± tt') 
mass-difference distribution, for Kirn momenta be- 
tween 1.5 and 2.6 GeV/c and Kt masses within 20 MeV 
of the D° mass. Kaons were not directly identified. 
Curves are as in (a). The signal at the D^-D 0 mass 
difference (145.4 MeV) is evidence of D* 1 production 
in T(4S) decay. 



the D* 1 detection efficiency they were not used 
in the search for B mesons. 

Each event containing a D° or D* i candidate 
was fitted to the following hypotheses 10 (or their 
charge conjugates): 



B~- D°TT~, 
B° ~ DViT, 
B° - D**ir~, 
B~ ~ D**ir~ir~ 



ft) 

(2) 
(3) 
(4) 



We considered only these charge combinations, 
since they preserve the quark decay scheme 
b-c~s. In making the fit, we constrained the 
B-meson energy to the beam energy and con- 
strained the D° or D** decay products to the 
known/) 0 , D** masses, respectively. This fit- 
ting procedure measures the B mass relative to 
the CESR beam energy, which is scaled to agree 
with the VEPP4 measurement of the T(1S) mass. 11 
Since the threshold for BB production is known 
to lie between the T(3S) and T(4S) resonances, 
we considered B-meson mass combinations be- 
tween half the T(3S) and T(4S) resonance masses 
(i.e., 5180 and 5290 MeV). Candidate fits were 
required to have a x 2 value less than 14. If an 
event had two acceptable fits in this mass inter- 
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val we took the hypothesis with the Lower % 2 . 
Each successful fit was examined visually to 
rejects candidates involving incorrectly fitted 
drift-chamber tracks (a 15% rejection). 

The B masses for all successful fits are shown 
in Fig. 2. The 18 events in the peak near 5275 
MeV are divided 2, 5, 5, and 6 for reactions 
(l)-(4), respectively. The width of the mass 
peak is consistent with the resolution expected 
from Monte Carlo studies. We have estimated 
the background under the mass peak in several 
ways. (1) We changed our selection criteria to 
accept K t tt ± mass combinations that differed 
from the D" mass by ± 200 MeV. The spectrum 
of reconstructed "B-meson" masses for this 
"sideband" search is shown in Fig. 3(a). (2) We 
considered wrong charge combinations, which 
corresponded to doubly charged B's, or corre- 
sponded to decay sequences other than 6 — c — s. 
The mass spectrum for wrong charge combina- 
tions is shown in Fig. 3(b). Both distributions in 
Fig. 3 have been normalized so that the vertical 
scales are directly comparable with Fig. 2. (3) 
We performed Monte Carlo studies of background 
from BB events and from continuum events, to 
determine how the background In Fig. 2 should be 
extrapolated from lower masses to the peak re- 
gion. (4) We searched 19.6 pb" 1 of data accumu- 
lated just below the T(4S) for apparent B's, find- 
ing two in the region of the mass peak. These 
studies lead to estimates of the background under 
the peak at 5275 MeV which lie between 4 and 7 
events. 




If aB decay contains a low-energy particle that 
escapes detection, the remaining particles from 
that B may still be consistent with the beam- en- 
ergy constraint and give an acceptable fit. We 
frequently cannot distinguish reactions (1) and 
(2) from similar reactions with the D° replaced 
by D*°, where D* 0 -DV or D°y. Similarly, the 
decay B°-D* + Tr", V**-D°it+ (tt + not detected), 
can masquerade as B" — D°ti~ , causing us to as- 
sign an incorrect charge to the B . Monte Carlo 
studies show that the reconstructed mass is shift- 
ed down a few megaelectronvolts from the true 
B mass , and the mass resolution is worsened 
slightly. The problem of missed low-energy 
particles is not important for reactions (3) and 
(4), and therefore we use only these to determine 
the B mass. 

We find a mass of 5274.2± 1.9± 2.0 MeV for the 
neutral B , and 5270.8± 2.3± 2.0 MeV for the 
charged B , where the first error is statistical 
and the second error systematic. The [B",B~] 
mass difference is 3.4± 3.0± 2.0 MeV, consistent 
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FIG. 2. Mass distribution of i?-meson candidates. 
The J3— final-state decay labels should be interpreted 
as including the charge-conjugate reaction. 



5200 5240 5280 

MASS (MeV) 

FIG. 3. Mass distribution for two estimates of the 
background to the B -meson candidates of Fig. 2. 
(a) D°'s chosen from sidebands. The events shown are 
plotted with a weight of | event, since there are ap- 
proximately twice as many events in the sidebands as 
in the D region, (b) Wrong charge combinations. The 
events shown in this distribution have been scaled to 
account for the difference in the number of combina- 
tions leading to a wrong-sign B compared to those 
leading to the correct-sign charged B . 
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with the theoretical prediction 12 of 4.4 MeV. The 
average of charged and neutral B masses is 
5272. 3 ± 1.5 ± 2.0 MeV. This corresponds to a 
mass difference AM of 32. 4± 3.0± 4.0 MeV be- 
tween the mass of the T(4S) and twice the B- 
meson mass. If the [B*,B] mass difference is 
~ 50 MeV as expected theoretically, 12 the T(4S) 
must decay exclusively to BB , with no contribu- 
tion from B*B. Previous experimental informa- 
tion on AM comes from the fact that Schamberger 
etal. do not observe monochromatic photons from 
B*~yB decay. 13 Their experiment sets an upper 
limit of 50 MeV on AM. Theoretical calculations 
of AM using the width and the height of the T (4S) 
fall either above 12 or below 14 our result. Using 
our measured value for AM and the theoretical 
value of 4.4 MeV for the [B",B'] mass difference, 
we obtain the branching fractions B(T(4S) ~B*B~) 
= 0.60±0.02 andB(T(4S)-B°B°) = 0.40±0.02. We 
estimate branching ratios of 4.2± 4.2%, 13± 9%, 
2.6 ± 1.9%, and 4.8± 3.0% for reactions (l)-(4), 
respectively. 15 ' 16 

In conclusion, we have explicitly demonstrated 
the existence of the B meson through its decay 
into exclusive final states and have measured its 
mass. 
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CESR staff who made this work possible. We 
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We have observed the decays B — * it*(892)°7 and B~ —* ii"*(892)~7, which are evidence for 
the quark-level process b — > S7. The average branching fraction is (4.5 ± 1.5 ± 0.9) x 10~ 5 . This 
value is consistent with standard model predictions from electromagnetic penguin diagrams. 

PACS numbers: 13.40.Hq, 14.40.Jz 

One-loop, flavor-changing neutral current diagrams, meson decays [1]. They were later identified as a possible 
known as penguins, were originally introduced into the source of direct CP violation in kaon decay, and hence as 
theory of weak decays to explain the AI = | rule in K a contribution to c'/e [2]. Their importance in B meson 
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decays has also been noted [3]. 

One of the clearest signatures for penguin diagrams is 
the radiative process 6 — * S7 (Fig. 1). There are many 
calculations of the rate for this process, which depends 
on the as yet unknown mass of the top quark. After in- 
cluding substantial QCD corrections, the branching ratio 
for 6 — > 57 is expected to be in the range (2-4) xlO -4 [4]. 
Other standard model contributions have been consid- 
ered, and found to be at least an order of magnitude 
smaller than the penguin contribution [5], Observation 
of a rate much larger than 4 x 10 -4 would be evidence 
for nonstandard- model contributions. In the recent lit- 
erature possible contributions to b — * 57 from supersym- 
metry, a fourth generation, and a charged Higgs boson 
have been discussed in some detail [6]. 

The fraction of 6 — * sy decays that hadronize to 
any exclusive final state is much less reliably predicted 
than the inclusive rate. Estimates for the fraction of 
B -» if* (892)7 range from 5% to 40% [7]. In this Let- 
ter, we report observation of the decay B — *■ K*-y [8], 
in both B° — > K*°y and B" — * K"~y modes, at a rate 
that is consistent with the predictions from the penguin 



The data sample used in this study was collected with 
the CLEO-II detector [9] at the Cornell Electron Storage 
Ring (CESR). It consists of 1377 pb" 1 of integrated lu- 
minosity on the T(45) resonance (1.39 x 10 6 BB events) 
and 633 pb^ 1 at a center-of-mass energy 55 MeV below 
the resonance. Charged particles are tracked using three 
nested cylindrical wire chambers operated in a 1.5 T mag- 
netic field. The outer tracking chamber also measures 
specific ionization (dE/dx), which is used for particle 
identification. The tracking chambers are followed by 
time-of- flight (TOF) counters, which provide additional 
particle identification information. Beyond these coun- 
ters but still inside the superconducting magnet coil is an 
electromagnetic calorimeter consisting of 7800 Csl crys- 
tals. Outside the coil is an iron yoke for field return, with 
chambers interspersed for muon identification. 

The dominant experimental problem in identifying 
B — * K*-y is the large background from continuum (non- 
BB) processes. We suppressed this background with a 
series of cuts determined from Monte Carlo studies. For 
B° — > K *°7, we selected events with at least 3 charged 
tracks and a visible energy of at least 30% of the center- 
of-mass energy. Our high energy photon candidates are 
clusters with energy E y satisfying 2.1 < E^ < 2.9 GeV, 
with polar angles 6 (relative to the beam axis) satisfy- 




FIG- 1, Penguin diagram for 6 —t 
radiated from any of the four lines. 



57. The photon may be 



ing I cos ^| < 0.7, not matched to charged tracks, and 
with shower shapes consistent with single photons. Pho- 
ton candidates are rejected if they form 7r°'s (rfs) when 
combined with another photon of energy greater than 30 
(200) MeV. 

There are two main sources of high energy photons 
from the continuum: initial state radiation (ISR) and 
fragmentation of non-66 quarks (qq)- Most continuum 
processes have a two-jet topology, which is used to dis- 
tinguish them from the more spherical BB events with 
B mesons decaying almost at rest. We suppress qq back- 
grounds by applying cuts on the shape variables i? 2 , the 
normalized second Fox- Wolfram moment [10], and S±, a 
measure of the momentum transverse to the photon di- 
rection [11]. We require R 2 < 0.5 and 0.25 < 5 X < 0.60 
(the upper restriction on S± provides rejection of ISR). 
To further suppress the ISR background we use variables 
evaluated in the rest frame of the e + e~ following the ra- 
diation of the high energy photon (the primed frame). In 
this frame we require R' 2 < 0.3, where R 2 is evaluated 
excluding the photon, and |cos#'| > 0.5, where 6' is the 
angle between the photon and the thrust axis of the rest 
of the event. 

We look for K*° candidates in the decay mode K*° — * 
K + n~. Each charged track must pass standard track 
quality cuts, and must have a value of dE/dx and/or 
TOF which is within 2.5 standard deviations (a) of that 
expected for the mass hypothesis. Particles lacking both 
TOF and dE/dx information are considered to be pions, 
but not kaons. A K + n~ pair must have an invariant 
mass Mk-k satisfying 821 < Mx* < 971 MeV, and a de- 
cay helicity angle &Ktt satisfying \cos&Ktt\ < 0.8, since 
K^'s from B ™» K*-y decay with a sin 2 Bk-k distribution, 
whereas the background is expected to have a flat distri- 
bution in cos(?ft;7r- 

We combined the high energy photon and K* candi- 
dates to form candidates for B° — » K*°-y. Having made 
all particle assignments, we imposed two further cuts: 
(1) the angle # t hr between the high energy photon direc- 
tion and the thrust axis of the particles not from the B 
candidate, |cos# t hr| < 0.7 (expected to be flat for sig- 
nal, peaked at 1.0 for continuum background); (2) the 
production polar angle of the B, |cos#b| < 0.85 (ex- 
pected to be sin 2 63 for signal, flat for background). Fi- 
nally, we required that the B candidates have an energy 
close to the beam energy, \AE\ < 90 MeV (2.2cr), where 
AE = Ebeam — EK-y. For candidates passing this cut, we 
scaled the photon energy to obtain AE = 0, and com- 
puted Mk'-y- The Mx-"y resolution of 2.8 MeV rms is 
dominated by the beam energy spread. The mass distri- 
bution for the B candidates is shown in Fig. 2. There 
are 8 events in the signal region, the mass interval 5.274- 
5.286 GeV. 

The background is still mostly from the continuum, 
even after the continuum suppression cuts have been op- 
timized. This background varies smoothly as a function 
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S.200 5 S30 5.240 S.260 5.290 5.300 

FIG. 2. The if" 7 mass distributions for B° -. K"°-y; B~ 
-. if— 7, if"" - K%ir-, and B" - if-7, if" - - if _ JT C 
candid ates. 




FIG. 3. The ln£ distributions for 10000 "experiments" of 
8 events each, drawn from B° —> K* a y Monte Carlo (right 
curve) or continuum Monte Carlo (left curve) simulations. 
The value for the SB 0 —* K*°7 candidate events is indicated 

by an arrow. 



of AE and Mk--,, so the amount of background in the 
signal region of the on-resonance data can be reliably esti- 
mated by scaling the events observed in sideband regions 
by an appropriate factor. For B° — K'°j the sideband 
was chosen to be |AE| < 280 MeV and M K ~, > 5.2 GeV, 
excluding [AE\ < 100 MeV and M K -, > 5.274 GeV (the 
signal region plus a narrow boundary in |A£|). The rel- 
ative population of the sideband and signal regions de- 
pends on the momentum distributions of the photon and 
two charged particles making up the K'-y candidate, and 
on their transverse momentum distributions relative to a 
common axis. Using Monte Carlo tuned to match the off- 
resonance data we determined the population ratio to be 
25,4:1 with an error of zfc 8%. For the actual background 
determination, we counted events in the sideband regions 
of the on- and off- resonance data samples, and the signal 
region of the off-resonance sample, and scaled the total of 
41 events by a factor of 37.6 [12] to obtain a background 
estimate of 1.1 ± 0.2. The binomial probability [13] that 
8 + 41 events in signal plus sideband regions would dis- 
tribute themselves such that 8 or more were in the signal 
region, given that the intrinsic relative populations are 
1:37.6, is 3.5 xlO" 5 . 
For B~ -* K*~7, we looked for K — candidates in 



decay is required to have a vertex more than 5 mm from 
the beam axis, a good x 2 f™ the vertex fit, and a jr+ir - 
mass within 10 MeV [2n ) of the K% mass. The ir° 3 s are 
selected from pairs of photons with an invariant mass 
within 15 MeV (2.5cr) of the tt 0 mass. The photons are 
selected from showers in the calorimeter that are not 
matched to charged tracks, have shower shapes consis- 
tent with isolated photons, and have energies above 30 
(50) MeV in the barrel (end-cap) regions. Other cuts 
[14] are similar to those described for B a —> K'^f. The; 
K"~f mass distributions for the two modes are shown in 
Fig. 2, and the numbers of signal events and estimated 
backgrounds are given in Table I. The combined proba- 
bility of both K'~ results being fluctuations is 7.0 X ID - " 1 . 
We obtain additional evidence that the signal events 
are not all continuum background by examining the dis- 
tributions inside the cuts of the variables Mk - 7 , AE, 
cos#£, cos£?,kv, Mk-k, ^2 t and eos# t hr- We do this with 
a likelihood ratio test [15|, which reduces the information 
contained in several variables to a single number. In Fig. 
3 we show the distribution in log likelihood ratio (In £) for 
two groups of 10 000 simulated experiments, one draw- 
ing 8 events from a sample of Monte Carlo B" — > K'"j 
events, the other drawing from a sample of Monte Carlo 



TABLE 1. Summary of results for B — » if "7. 



B" -, K" 



B~->K' 



K— — K~ 



Signal events 


8 


2 


3 


Sideband events 


41 


2 


10 


Sideband scale factor 


37.6 


40 


12 


Sideband background 


1.1±0.2 


D.05±G.D3 


0.8±0.3 


Binomial probability 


3.5 k 10" 5 


3.7x10-* 


7.3xl(T i 


Residual BB background 


u.30±0.15 


0.01±0.01 


O.lOdbO.05 


Efficiency 


(11.9±1.8}% 


(2.0±0.3)% 


(3.1 ±0.5)% 


Branching ratio 


(4.0±1.7±0.8)xl0~ 5 


(5.7±3.1±1.1 


)xW* 
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continuum events. Only 0.11% of the 8-event contin- 
uum samples have values of In £ as large as that of the 
8 B° — » K*°~f candidate events, while about half of the 
signal samples do. Allowing for systematic and statis- 
tical errors, the probability of observing a value of ln£ 
this large from a sample of 8 continuum events is less 
than 1%. Similar studies for B~ — > K*~-y support the 
interpretation of a K*~ — > Kgir~ signal, and are not 
inconsistent with a K*~ — > K~tt° signal. 

We have assessed sources of background to B — > K*y 
from other B decays. First, using a fast Monte Carlo 
that did not include a full detector simulation, we con- 
sidered b — > c, 6 — ► u, and b — > sg decays, with particu- 
lar attention to the D*°j, p7r°, K*ir°, and K" p~ chan- 
nels, which we anticipated might be troublesome. These 
sources accounted for < 0.11, < 0.06, and < 0.02 events 
as background to i\"~7r + 7, K~Tr°'y, and if§7r^7, respec- 
tively. Then using techniques largely based on data, we 
studied possible sources of false 2-3 GeV photons such 
as random overlaps of uncorrelated photons, merging of 
photons from 7r°'s, clusters caused by K° L 's, and clus- 
ters caused by antineutrons. These sources accounted 
for < 0.25, < 0.06, and < 0.02 events as background 
to if~7r + 7, K~ir°f, and Kgir~y, respectively. A final 
contribution, from feeddown into B — > K"f from other 
6 — » «7 modes, is estimated using the theoretical predic- 
tion of an inclusive rate of 4 x 10~ 4 , and a model for the 
hadronization. We find backgrounds of 0.4 and 0.1 events 
in K~7r + 'y and K~tt 0 ~/, respectively. The feeddown into 
the KgTr~~f mode is negligible. Approximately half of 
the BB backgrounds are included in the background es- 
timated from the sidebands. The residual backgrounds 
from BB, not included in the sideband subtraction, are 
listed in Table I [16]. 

Table I summarizes our results. The net yield of B° — > 
K*°~f events is 6.6 ± 2.8. The efficiency for B° -. K*°y 
decays, including K* branching ratio, is (11.9 ± 1.8)%. 
The data sample contains 1.39 x 10 6 BB decays, which 
we assume to be half charged, half neutral. From this 
we obtain a branching ratio for B° — ► K"°j of (4.0 ± 
1.7 ± 0.8) xl0~ 5 , where the first error is statistical and 
the second is a ± 20% systematic error to account for 
uncertainties in efficiency and background. The net yield 
of B~ — > K'~f events is 4.1 ± 2.3. The efficiencies 
for the K^tt~ and K~r° modes, including K* and K° 
branching ratios, are 2.0% and 3.1%, respectively, giving 
an overall efficiency for the B~ — > K"~-y decay of 5.1%. 
From this we obtain a branching ratio for B~ — > K*~y 
of (5.7 ± 3.1 ± 1.1) xl0~ 5 . 

In conclusion, we have obtained compelling evidence 
for the existence of the decay B° — > A"*°7, and support- 
ing evidence for the existence of the closely related decay 
B~ — > K*~-y. If one makes the reasonable assumption 
that the branching ratios for these two decays are equal, 
then an average branching ratio of (4.5±1.5±0.9) x 10~ 5 
is obtained. This is entirely consistent with the theoret- 
ical predictions from the penguin diagram which are in 



the range (1-I5)xl0~ s [4,7]. Our result does not require 
any contributions beyond the standard model, but it is 
an order of magnitude larger than would be expected [5] 
if the penguin diagram were not present. This is strong 
evidence for the existence of the penguin diagram. 
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12 

From Neutral Currents to Weak Vector Bosons 



The unification of weak and electromagnetic interactions, 1973-1987. 

Fermi's theory of weak interactions survived nearly unaltered over the years. Its basic 
structure was slightly modified by the addition of Gamow-Teller terms and finally by the 
determination of the V-A form, but its essence as a four fermion interaction remained. 
Fermi's original insight was based on the analogy with electromagnetism; from the start 
it was clear that there might be vector particles transmitting the weak force the way the 
photon transmits the electromagnetic force. Since the weak interaction was of short range, 
the vector particle would have to be heavy, and since beta decay changed nuclear charge, 
the particle would have to carry charge. The weak (or W) boson was the object of many 
searches. No evidence of the W boson was found in the mass region up to 20 GeV. 

The V-A theory, which was equivalent to a theory with a very heavy W, was a satisfac- 
tory description of all weak interaction data. Nevertheless, it was clear that the theory was 
not complete. As described in Chapter 6, it predicted cross sections at very high energies 
that violated unitarity, the basic principle that says that the probability for an individual pro- 
cess to occur must be less than or equal to unity. A consequence of unitarity is that the total 
cross section for a process with angular momentum J can never exceed 4jt(2J + Y)l p 2 cm . 
However, we have seen that neutrino cross sections grow linearly with increasing center- 
of-mass energy. When the energy exceeds about 300 GeV, there would be a contradiction. 

It might be hoped that the theory could be calculated more completely, to a higher order 
in the Fermi coupling constant. In a complete theory, these corrections could bring the pre- 
dictions back into the allowed range. Unfortunately, the Fermi theory cannot be calculated 
to higher order because the results are infinite. Infinities arise in calculating quantum elec- 
trodynamics (QED) to higher order, as well. In QED, it is possible to absorb these infinities 
so that none appears in the physical results. This is impossible in the Fermi theory. Writ- 
ing the Fermi theory in terms of the W bosons enhances the similarity with QED, but the 
infinities remain. 

The first step in the solution to this problem came from C. N. Yang and R. Mills, who in 
1954 developed a theory of massless interacting vector particles. This theory could accom- 
modate particles like the photon, W + , and W~ that would interact with one another, but it 
required them to be massless. The infinities in the model could be reabsorbed (the model 
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was "renormalizable"). An important advance was made by Peter Higgs, who in 1964 
showed how a theory initially containing a massless photon and two scalar particles could 
turn into a theory with a massive vector particle and one scalar. This "Higgs mechanism" 
was a key ingredient in the final model. 

The Standard Model of electroweak interactions, developed largely by Glashow, 
Weinberg, and Salam begins with massless Yang-Mills particles. These are denoted 
W + , W~ , W , and B (not to be confused with the B meson of the previous chapter, which 
plays no role here). The W's form a triplet of a new symmetry, "weak isospin," while the 
B is an isosinglet. The Higgs mechanism is invoked to give mass to the W bosons. At 
the same time, the two neutral particles, W° and B mix to produce two physical particles, 
the photon (represented by the field A) and the Z. The photon, of course, is massless. The 
Z acquires a mass comparable to that of the W. 

The Fermi theory is equivalent to the exchange of only charged weak bosons. This allows 
for processes like v^e~ — > n~v e , which may be viewed as emission of a W + by the initial 
neutrino, which turns into a muon and its absorption by the electron, which turns into 
an electron-neutrino. When the W is emitted or absorbed, the charges of the interacting 
particles are changed. The currents to which the W attaches, for example ey^(l — ys)v g , 
are called charged currents. The process v M e _ — >■ v^e~ cannot proceed in the Fermi theory 
because the charged current can change v^ only to yT , not to e~ , as was shown by the two- 
neutrino experiment discussed in Chapter 7. The Z boson adds new interactions, ones with 
neutral currents. The v^ can emit a Z which is absorbed by the electron, thus permitting the 
process u^e - — > v^e - . No charge is transferred. The existence of weak neutral currents is 
a dramatic prediction of the model. 

In fact, neutral-current processes had been searched for in decays like K + —> n + e~e + 
and K^ — ^ [J- + (i~ (where the e + e~ or fi + iJ.~ would be viewed as coming from a virtual 
Z) and found to be very rare or nonexistent. These searches had been limited invariably 
to strangeness-changing neutral currents, for example the current that transformed a K + 
into a n + . The reason for this limitation was simple. In most instances where there is no 
change of strangeness, if a Z can be exchanged, so can a photon. Thus the effect of the 
Z, and hence of the neutral weak current, was always masked by a much larger electro- 
magnetic effect. One way to avoid this was to look for scattering initiated by a neutrino 
that emitted a Z that subsequently interacted with a nuclear target. This process could not 
occur electromagnetically since the neutrino does not couple to photons. The signature of 
such a process was the absence of a charged lepton in the final state. 

Although neutral currents were predicted in the model of Glashow, Weinberg, and 
Salam, the intensity of the search for them increased dramatically in the early 1970s when, 
through the work of G. 't Hooft and others, the theory was shown to be renormalizable. 
Weinberg and Salam had conjectured that the theory was renormalizable, but there was no 
proof initially. 

The discovery of neutral-weak-current interactions was made in mid 1973 by 
A. Lagarrigue, P. Musset, D. H. Perkins, A. Rousset, and co-workers using the Gargamelle 
bubble chamber at CERN (Ref. 12.1). The experiment used separate neutrino and 
antineutrino beams. The beams were overwhelmingly muon-neutrinos, so the task was 
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to demonstrate the occurrence of events without a final-state muon. Muons could be 
distinguished from hadrons in the bubble chamber because it was filled with a rather dense 
material, freon, in which most of the produced hadrons would either interact or range 
out. The muons, then, were signaled by the particles exiting from the chamber without 
undergoing a hadronic interaction. 

The background with the greatest potential to obscure the results was due to neutrino 
interactions occurring in the shielding before the bubble chamber. Neutrons produced in 
these interactions could enter the bubble chamber without leaving a track and cause an 
event from which, of course, no muon would emerge. The Gargamelle team was able to 
control this background by studying a related class of events. Some ordinary charged- 
current events occurring within the bubble chamber yielded neutrons that subsequently had 
hadronic collisions inside the bubble chamber. These events were quite analogous to the 
background events in which the initial neutrino interaction took place in the shielding. By 
studying the events in which the neutron's source was apparent, it was possible to place 
limits on the neutron background arising outside the chamber. In addition, the neutral- 
current events had another characteristic that indicated they were due to neutrinos. They 
were evenly distributed along the length of the bubble chamber. If they had come from 
neutrons there would have been more of them at the front and fewer at the back as a 
consequence of the depletion of the neutrons traveling through the freon. The neutrinos 
have such a small cross section that there is no measurable attenuation. 

Not only did the experiment find convincing evidence for the neutral-current events, 
it measured the ratio of neutral-current to charged-current events both for neutrinos and 
antineutrinos. This was especially important because it provided a means of measuring the 
value of the neutral weak charge to which the Z boson coupled. 

The electroweak theory contains three fundamental parameters aside from the masses 
of the particles and the mixing angles in the Kobayashi-Maskawa matrix. Once these are 
determined, all purely electroweak processes can be predicted. To determine the three 
parameters, it is necessary to measure three fundamental quantities. There is, however, a 
great deal of freedom in choosing these experimental quantities. It is natural to take two 
of them to be a em « 1/137 and Gf ^ 1.166 ■ 10~ 5 GeV -2 since these are quite well 
measured. The third quantity must involve some new feature introduced by the electroweak 
model. The strength of the neutral weak currents is such a quantity. The result is often 
expressed in terms of the weak mixing angle 8w that indicates the degree of mixing of the 
W° and B bosons that generates the photon and Z: 

A = singly W° + cos Oy/B; W° = sin^A + cos0 w Z; (12.1) 

Z = cos 6\yW — sinOw B; B — cosOwA — sinOwZ. (12.2) 

The photon couples to particles according to their charges. We can represent the coupling 
to a fermion / by 

Iv^QfA" (12.3) 
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Table 12.1. The weak interaction quantum numbers of quarks and leptons in the Standard 
Model. The subscripts indicate left-handed and right-handed components. 
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or, in shorthand, eQA, where Q measures the charge of a particle in units of the proton 
charge, e, and A is the electromagnetic vector potential. 

The absorption of a W + boson changes an electron into a neutrino. This action can be 
represented by the isospin operator T+ if the neutrino and electron form a doublet with the 
neutrino being the Tj, — 1/2 component. Of course, we already know that it is only the left- 
handed component of the electron that participates, so we assign zero weak isospin to the 
right-handed part of the electron. The quarks are treated analogously, with the absorption 
of a W + changing a left-handed d into a left-handed u. 

The B boson couples to fermions according to another new quantum number, the "weak 
hypercharge," Y . These new quantum numbers satisfy an analog of the Gell-Mann- 
Nishijima relation Q = T$ + Y/2 as shown in Table 12.1. 

After the mixing of the B and W° that produces the photon and the Z, the coupling of 
the photon to fermions is given by e Q and that of the Z by 



sin 6% cos 6\y 



[r 3 -Qsin 2 %] (12.4) 



where T3 has an implicit ( 1 — y$ ) /2 included to project out the left-hand part of the fermion. 
This is explained in greater detail below. Because the Z couples differently to left-handed 
and right-handed fermions, its interactions are parity violating. By comparing the couplings 
of the Z to that of the W, it is possible to derive a relation for the ratio of neutral-current 
events to charged-current events in deep inelastic neutrino scattering, NC/CC, using the 
parton model discussed in Chapter 8. Although the parton model is expected to work best 
at very high energies, the early Gargamelle results on charged currents showed that the 
model worked well even at the low energies available to Gargamelle using the CERN 
Proton Synchrotron. If the scattering of the neutrinos from antiquarks is ignored (a 10-20% 
correction), the predictions are 

/NC\ 1 , 20 a 

R v = l — \ =--sm 2 6 w + —sm 4 6 w , (12.5) 
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(NC\ 1 , 20 , 

«v= (^1 _= 2" sin 2 0 w + j sin A 6 W . (12.6) 



In these relations, it is assumed that 

m 2 z — rtiyy I cos 2 0w, (12.7) 

a prediction of the simplest version of the Standard Model of electroweak interactions as 
discussed below. The Gargamelle results indicated that sin 2 6\y was in the range 0.3 to 0.4. 

These results were followed by confirmation from other laboratories. The neutral-current 
events were not rare. They were easy to find. The problem was to demonstrate that they 
were not due to any of the various backgrounds. The Harvard-Penn- Wisconsin (HPW) 
experiment at Fermilab did verify the result, but only after some considerable difficulty in 
determining their efficiency for identifying muons (Ref. 12.2). The HPW experiment was 
a counter experiment. The target and detector were combined into a segmented unit. This 
was followed by a muon spectrometer. A diagram of the apparatus and the appearance of 
an event in the detector are shown in Figure 12.1. Inevitably there was the problem of deter- 
mining how many muons failed, for geometrical reasons, to enter the muon spectrometer. 

Another Fermilab experiment, a Caltech-Fermilab collaboration, also confirmed the 
existence of neutral currents (Ref. 12.3). A good measurement of sin 2 9y/, however, had 
to await the results of the CERN experiments, carried out by the CDHS, CHARM, and 
BEBC collaborations mentioned in Chapter 8. The CERN experiments used a beam from 
the Super Proton Synchrotron (SPS). The values obtained were about 0.30 for R v and 0.38 
for Rv- Later analyses of the neutral-current data found a value sin 2 Qy/ — 0.23. 

The existence of the neutral currents was important circumstantial evidence for the elec- 
troweak model. The neutral-current to charged-current ratios lay close to the curve required 
by the model. Very impressive evidence came from a different kind of neutral-current 
experiment performed at SLAC. This experiment measured the interference between an 
electromagnetic amplitude and one due to neutral weak currents. 

The experiment of Prescott and co-workers (Ref. 12.4) measured the scattering of lon- 
gitudinally polarized electrons from a deuterium target. A dependence of the cross section 
on the value of cr e ■ p e , where <j e is the electron's spin, is necessarily a parity violation 
since this is a pseudoscalar quantity. The experiment actually measured the asymmetry 

Op — (Tl 

A = — -. (12.8) 

where the subscript on the cross section indicates a right-handed or left-handed electron 
incident. 

The right-handed and left-handed electron beams were produced by a source using a 
laser shining on a GaAs crystal. A Pockels cell allowed linearly polarized laser light to be 
changed into circularly polarized light, with the polarization changed pulse to pulse in a 
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Figure 12.1. Diagram (a) of the HPW neutrino detector used at Fermilab (Ref. 12.2). There 
were eight spark chambers (SC) and sixteen liquid scintillator segments. The muon spectrometer 
contained four magnetized iron toroids. Additional scintillator counters are labeled A, B,C, D. An 
event is seen in the spark chambers and the same event is shown enlarged in (b). A muon track is 
visible in the muon spectrometer so this is a charged current event. The energy deposition for the 
event is displayed in (c). 



random way, which was recorded. The polarized photons ejected polarized electrons from 
the crystal, with an average polarization of 37%. 

On the basis of very general considerations, it was possible to see that the weak- 
electromagnetic interference effect should give A a value of order GpQ 2 /a where Q 2 
is the momentum transferred squared of the electron (and is not to be confused with 
the charge operator!). A more complete calculation shows the effect ought to be about 
one-tenth this size, or near 10~ 4 for Q 2 of about 1 GeV 2 . In order that such an effect not 
be masked by statistical fluctuations, about 10 10 events are needed. This was achieved by 
integrating outputs of phototubes rather than counting individual events. 

The scattered electrons were collected in a magnetic spectrometer like that used in the 
pioneering deep inelastic scattering experiments carried out 10 years before. Measurements 
were made for several beam energies. Because the beam was bent through an angle of 24.5° 
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before scattering, the polarized electrons precessed. This provided an additional check of 
the measurements. 

The asymmetry can be predicted within the standard electroweak model. The result is a 
function of y = (E — E')/E, the fraction of the incident electron's energy that is lost: 



A = 



-G F Q 2 9 

2V2ttoc 10 



20 



sin z 6 w + (1 -4sirr0w) 



1-d-yY 
i + d-y) 2 



(12.9) 



The result of the experiment, A/Q 2 — (—9.5 ± 1.6) x 10~ 5 GeV -2 , was in good 
agreement with the Standard Model for a value sin 2 9w — 0.20 ± 0.03. 

The measurement of the weak mixing angle in the neutral-current experiments made it 
possible to predict the masses of the W and Z. Masses arise in the Standard Model from the 
Higgs mechanism, which is due to hypothetical scalar particles, known as Higgs particles. 
The field corresponding to a neutral Higgs particle obtains a vacuum expectation value 
that is non-zero because this minimizes the energy of the vacuum. The various massless 
particles in the theory obtain masses by interacting with this ubiquitous non-zero field. The 
coupling of the vector (gauge) particles is governed by the analog of the usual minimal 
coupling of electrodynamics: 



£> M = 3^ -ieQA^ 



(12.10) 



In the conventional model, the Higgs particle is part of a complex isodoublet. This is 
analogous to the kaon multiplet. There are four states, two charged and two neutral. We 
can represent this as a two component vector 



Uv 



(12.11) 



and its complex conjugate. In the vacuum, the field 0° is non-zero: < </>° >= v/^/2. The 
analog of the minimal coupling is 



D IX = 3„ - igT ■ W M - ig'(Y/2)B„ 



(12.12) 



where the three components of T are the generators of the weak isospin and where g and 
g' are two coupling constants, one for SU(2) and one for U(l). Rewritten in terms of the 
physical particles, this is 

D„ = d tl -ieQA ll -ig(T + W+ + T_W-)/V2-ig(T 3 -sm 2 9 w Q)Z l ,/cos6 w . (12.13) 

The relations between e, g, g' , and 9\y are 



tan#iy = 



l/g 2 +l/g' 2 =l/e 2 . 



(12.14) 



364 



12. From Neutral Currents to Weak Vector Bosons 



A comparison with the usual V-A theory shows that 



Gf_ 

V2 



8m 2 , 



This determines the W mass: 



'w 



\/2sin 2 9wGp 



(12.15) 



(12.16) 



In fact, a more precise result is obtained by using the electromagnetic coupling measured 
not at zero momentum transfer but rather at a momentum squared equal to m 2 ^, a(m^) « 
1/129, a value that takes into account vacuum polarization corrections. Inserting the vac- 
uum expectation value of the Higgs field we find mass terms from 



(D„<t>y zv/> 



1 



7 2 .2 

'-4-(W+W-» 



W~W + ^) 



2 2 
g V 

4 cos 2 Ow 



Z^Z" 



(12.17) 



This gives for the Z mass 



m z — m w / cos < 



w 



(12.18) 



and with sin 2 6 W = 0.23, m w = 80 GeV, m z = 91 GeV. 

With a promising theory and a good measurement of sin 2 $w, the search for the W and 
Z now took a different character. The masses could be predicted from the results of the 
neutral-current measurements of sin 2 Ow and lay outside the range of existing machines. 
Following a proposal by D. Cline, C. Rubbia, and P. Mclntyre, a major effort at CERN, led 
by C. Rubbia and S. van der Meer, transformed the SPS into a colliding beam machine, 
the SppS. The regular proton beam was used to create antiprotons, which were captured 
and stored. The antiprotons then re-entered the SPS, but moving in the opposite direction. 
A particularly difficult problem was to compress the beam of antiprotons so that it would 
be dense enough to cause many collisions when the protons moving the other way passed 
through it. 

If a u quark from a proton and a d quark from an antiproton collided, a W + could be 
created if the energy of the pair were near the mass of the W. The W + would decay into 
e + v about 8% of the time. The cross section for this process was calculated to be a fraction 
of a nanobarn (10 _33 cm 2 ). A more spectacular signal could be obtained from Z's that 
decayed into e + e~ or /x + /z~. 

The W and Z bosons were discovered by the two large collaborations, UA-1 (Ref. 12.5) 
and UA-2 (Ref. 12.6), working at the SppS Collider. The UA-1 detector used a uniform 
magnetic field of 0.7 T (7 kG) perpendicular to the beam. Inside the field was a high quality 
drift chamber. External to the drift chamber was extensive coverage by electromagnetic 
and hadronic calorimeters. The critical capability of discriminating between electrons and 
hadrons was achieved using many radiation lengths of material, segmented into layers. 
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Figure 12.2. A UA-1 event display for a candidate for Z — > e + e~ . (a) Display of reconstructed 
tracks and calorimeter hits, (b) Display of tracks with pj > 2 GeV/c and calorimeter hits with Ej > 
2 GeV. The electron pair emerges cleanly from the event (Ref. 12.8). 
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By covering nearly all of the full 4tt steradians with calorimetry, it was possible to check 
momentum balance in the plane perpendicular to the beam. This, in effect, provided a 
neutrino detector for those neutrinos with transverse momentum above 15 GeV or so. 

In colliding-beam machines like SPEAR, DORIS, PETRA, PEP, ISR, and the SppS 
Collider, the event rate is related to the cross section by 



Rate = Co 



(12.19) 



where C is the luminosity and is measured in cm s . The luminosity depends on the 
density of the intersecting beams and their degree of overlap. The total number of events 
is a J Cdt . For the results reported by UA-1, J Cdt =18 nb _1 at an energy of ^/s = 540 
GeV. The total event rate was high so various triggers were used to choose the small subset 
of events to be recorded. 

Events with electron candidates that had high transverse momentum detected in the cen- 
tral part of the calorimeter and that were well-separated from any other high transverse 
momentum particles were selected. This class contained 39 events. Five of these contained 
no hadronic jets and thus had a significant transverse momentum imbalance, as would be 
expected for decays W — ► ev. An alternative search through the same recorded events 
sought those with large momentum imbalance. The same five events were ultimately iso- 
lated, together with two additional events that were candidates for W —*■ xv. 
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Figure 12.3. Lego plots for four UA-1 events that were candidates for Z — ► e + e~ . The plots show 
the location of energy deposition in <p, the azimuthal angle, and 17 = — lntan(0/2), the pseudorapid- 
ity. The isolated towers of energy indicate the cleanliness of the events (Ref. 12.8). 
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The mass of the W could be estimated from the observed transverse momenta. The result 
was my/ — 81 ± 5 GeV, in good agreement with predictions of the Standard Model using 
the weak mixing angle as measured in neutral-current experiments. Similar results were 
obtained by the UA-2 collaboration and also by observing the muonic decay of the W 
(Ref. 12.7). 

Later, the two collaborations detected the Z through its decays Z — »■ e + e~ (Refs. 12.8, 
12.9) and Z — > fjt + ^i~ (Ref. 12.10). This discovery took longer because the cross section 
for Z production is somewhat smaller than that for W's and because the branching ratios 
Z — > e + e~ and Z — »■ fi + fi~ are expected to be only 3% each, while W — ► ev and 
W — > fiv should be 8% each. However, the signature of two leptons with large invariant 
mass was unmistakable, and only a few events were necessary to establish the existence 
of the Z with a mass consistent with the theoretical expectation. An event that is a Z° 
candidate measured by the UA-1 Collaboration is shown in Figure 12.2. The "lego" plots 
for four UA-1 Z° candidates are shown in Figure 12.3. An event measured by the UA-2 
Collaboration is shown in Figure 12.4, together with its lego plot. During running at an 
increased center-of-mass energy of 630 GeV additional data were accumulated. Results 
for the decay Z — > e + e~ obtained by the UA-1 and UA-2 Collaborations are shown in 
Figure 12.5. 

The discovery of the W and the Z dramatically confirmed the basic features of the elec- 
troweak theory. Its unification of the seemingly unrelated phenomena of nuclear beta decay 
and electromagnetism is one of the major achievements of twentieth-century physics. With 
elegance and simplicity, it subsumes the phenomenological V-A theory, extends that theory 
to include neutral current phenomena and meets the theoretical demand of renormaliz- 
ability. The unification of electromagnetism and weak interactions remarkably confirms 
Fermi's prescient observation that the fundamental process of beta decay, n —> pev might 
be viewed as the interactions of two currents. While the Fermi theory worked only in low- 
est order, the new theory predicted higher order radiative corrections. Just as the Lamb shift 
and g — 1 provided crucial test of QED, the real test of the electroweak theory was still to 
come in higher precision measurements. 
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Figure 12.4. A UA-2 candidate for Z -*■ e + e~ . The upper diagram shows a track detected by a 
series of proportional chambers and a chamber following a tungsten converter. The calorimeter cells 
indicate energy measured by the electromagnetic calorimeter. The lego plot for the event shows two 
isolated depositions of electromagnetic energy, indicative of an e + e~ pair (Ref. 12.9). 
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Figure 12.5. (a) The invariant mass distribution for e + e~ pairs identified through electromagnetic 
calorimetry in the UA-1 detector. (Figure supplied by UA-1 Collaboration) (b) The analogous plot 
for the UA-2 data (Ref. 12.12). In both data sets, the Z appears well-separated from the lower mass 
background. 
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Exercises 

12.1 Make a graph with (NC/CC) V as abscissa and (NC/CC)v as ordinate. Draw the 
curve of values allowed by the Standard Model ignoring contributions from anti- 
quarks. Plot the results quoted in the text. What value of sin 2 9\y do you find? 

12.2 Derive the predictions for (NC/CC) V and (NC/CC)v by comparing the couplings 
of the W: 

gT + /\^2 — eT + / sm9wV2 

and the Z: 

e(73 — <2 sin Ow)/ sin 6\v cos 6w- 

Use an isoscalar target. For \q\ 2 << m 2 ^, m|, the vector boson propagator is essen- 
tially l/m^, or l/m 2 ?. 

12.3 Use relations analogous to those in Chapter 8 for eT^T ~* e Z^ Ji ~L ,e lil JL L' etc - 
to derive the expression for the asymmetry, A, in polarized-electron-deuteron 
scattering. 

12.4 The classical equation for the motion of a charged particle with mass m, charge e, 
and g-factor, g, in a plane perpendicular to a uniform field B is 

17 = ^ x B 

at my 

where (3 is the velocity vector (J. D. Jackson, Classical Electrodynamics, 2nd Edition, 
Wiley, New York, 1975. p. 559). If the direction of the spin is denoted s, then 



ds e 
— = — s x 
dt m 



(§-'♦?)■ 



Use these equations to verify the precession equation, Eq. (4) of Ref. 12.4. 
12.5 * Assume that the W production at the SppS Collider is due to the annihilation of a 
quark from the proton and an antiquark from the antiproton. Show that if the proton 
direction defines the z axis, the produced W's have J z = —1. Show that in the W 
rest frame the outgoing negative leptons from W~ —*■ l~v have the angular distri- 
bution (1 + cos#*) 2 , while the positive leptons from W + — ► l + v have the angular 
distribution (1 — cos 9*) 2 , where 0* is measured from the z (proton) direction. What 
is expected for Z decay? Compare with available data, e.g. S. Geer, in Proceed- 
ings of the XXIII International Conference on High Energy Physics, Berkeley, 1986, 
S. C. Loken ed., World Scientific, Singapore, 1987, p. 982. 



Further Reading 

A more theoretical, but non-technical presentation is given by C. Quigg Gauge Theo- 
ries of the Strong, Weak, and Electromagnetic Interactions, Benjamin/Cummings, Menlo 
Park, CA, 1983. 
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The Standard Model is covered in E. D. Commins and P. H. Bucksbaum, Weak Interac- 
tions ofLeptons and Quarks, Cambridge University Press, Cambridge, 1983. 

A semi-popular account of the W and Z discoveries is given by P. Watkins, Story of the 
WandZ, Cambridge University Press, New York, 1986. 
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Events induced by neutral particles and producing hadrons, but no muon or electron, have been observed in the 
CERN neutrino experiment. These events behave as expected if they arise from neutral current induced processes. 
The rates relative to the corresponding charged current processes are evaluated. 



We have searched for the neutral current (NC) and 
charged current (CC) reactions: 



NC v \v + N -+■ vjv + hadrons, 
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(1) 



CC r> M / i^ + N -+ h -jji* + hadrons (2) 

which are distinguished respectively by the absence 
of any possible muon, or the presence of one, and on- 
ly one, possible muon. A small contamination of 
v t lv t exists in the v^lv beams giving some CC events 
which are easily recognised by the e7e + signature. The 
analysis is based on 83 000 v pictures and 207 000 v 
pictures taken at CERN in the Gargamelle bubble 
chamber filled with freon of density 1.5 X 10 3 kg/m 3 * 
The dimensions of this chamber are such that most 

* A more detailed account of the analysis of this experiment 
appears in a paper to be submitted to Nuclear Physics. 
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hadrons are unambiguously identified by interaction 
or by range-momentum and ionisation. Any track 
which could possibly be due to a muon has consigned 
the event to reaction (2). 

Analysis of the signal. To estimate the background 
of neutral hadrons coming from neutrino interactions 
in the shielding and simulating reaction ( 1), events 
where a visible charged current interaction produces 
an identified neutron star in the chamber (associated, 
AS, events) were also studied. To obtain a good esti- 
mate of the true neutral hadron direction from the 
direction of the observed total momentum a cut in 
visible total energy of > 1 GeV was applied to the 
NC and AS events, as well as to the hadron ic part of 
the CC events. 

We have observed, in a fiducial volume of 3 m 3 , 
102 NC, 428 CC and 15 AS in the v run and 64 NC, 
148 CC and 12 AS in the v run. Using these numbers 
without background substraction the ratios NC/CC 
are then 0.24 for v and 0.42 for v, whilst the NC/AS 
ratios are 6.8 and 5.3 respectively. 

The spatial distributions of the NC events have 
been compared to those of the CC events and found 
to be similar. In particular, the distribution along the 
beam direction of NC (fig. 1 ) has the same shape as 
the CC distribution. In contrast the observed distribu- 
tion of low energy neutral stars shows a typical expo- 
nential attenuation as expected for neutron back- 
ground. The distributions of radial position, hadron 
total energy, and angle between measured hadron to- 
tal momentum and beam direction are also indistin- 
guishable for NC and CC. 

Using the direction of measured total momentum 
of the hadrons in NC and CC events, a Bartlett meth- 
od has been used to evaluate the apparent interaction 
mean free paths, X„, for NC and CC which are found 
to be compatible with infinity. For the NC events we 
find X a > 2.6 m at 90% CL; this corresponds to 3.5 
times the neutron interaction length for high energy 
( > 1 GeV) inelastic collisions in freon. 

Evaluation of the background. Since the outgoing 
neutrinos cannot be detected in reaction (1), the NC 
events may be simulated by neutral hadrons coming 
from the v beam or elsewhere. 

As a check for cosmic ray origin, the up -down 
asymmetries of NC events in vertical position and mo- 
menta have been measured and found to be (3 ± 8)% 
and {— 8 ± 8)% respectively. In addition, a cosmic ray 



ru^ 



L rnJLu- r 



(V) NC Events 





Fig. 1 . Distributions along the iM>eam axis, a) NC events in v. 
by CC events in v (this distribution is based on a reference 
sample of — 1/4 of the total v film), e) Ratio NC/CC in v 
(normalized), d) NC In V. e) CC events in v. f) Ratio NC/CC 
in V- g> Measured neutron stars with 100 < £" < 500 MeV 
having protons only, h) Computed distribution of the back- 
ground events from the Monte-Carlo. 
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exposure of 1 5 000 pictures shows no NC type event 
satisfying the selection criteria. We conclude that the 
cosmic background is negligible. 

The low energy muons (< 1 00 MeV/c) captured at 
rest in the v run could be mistaken as protons. A 
study of the observed muon spectrum in CC events, 
as well as a theoretical estimate of the low end of this 
spectrum shows that the correction to be applied is 
0 ± 5 events. 

Interactions of neutral hadrons produced by the 
primary protons up to and including the target should 
produce events at an equal rate in v and v runs. On the 
contrary, we observe an absolute rate 4 times larger in 
the v run than in the v run. If the neutral hadrons are 
due to defocussed secondary pions and kaons, the 
disagreement is larger since we expect 1 — 2 times 
more events in v than in v. Since the whole installa- 
tion is shielded from below by earth we should again 
expect up-down asymmetries in the NC events. This 
is not observed. 

The most important source of background is the 
interaction of neutral hadrons produced by the un- 
detected neutrino interactions in the shielding. The 
high elasticity (0.7) of the neutrons causes a cascade 
effect in propagation through the shielding. The neu- 
tron energy spectrum at production can, in principle, 
be obtained from the AS events together with avail- 
able nucleon-nucleus data. Due to the limited statis- 
tics in the AS events we make the extreme assump- 
tion that all the NC events are neutron produced an 
use their observed energy spectrum to calculate the 
neutron spectrum from neutrino interactions. This 
gives an energy dependence described by £" 2 . The ef- 
fective interaction length X e of neutrons in the shield- 
ing is then found to be 2.5 times the inelastic interac- 
tion length, Xj. A smaller effective interaction length 
is found for K£ although the background from this 
source must be negligible since we find no examples 
of A° hyperon production among the NC events. 

From the absolute value of the number of AS 
events, we can calculate the number of background 
events. This has been done by Monte-Carlo genera- 
tion of events in the shielding surrounding the fiducial 
volume according to the radial intensity distribution 
of the beam. The ratio of background events (B) to 
AS events is found to be B/AS = 0.7 for X e = 2.5 X ; . 



If the NC sample has to be explained as being entirely 
due to neutral hadrons, the Monte-Carlo requires 
X e /Xj> 10, instead of the best estimate of 2.5. Both 
ratios would predict distributions along the beam di- 
rection in the chamber in strong disagreement with 
those observed. 

Another evaluation of this type of background has 
been made using the simple assumption that an equi- 
librium of neutral hadrons with neutrinos exists 
throughout the entire chamber/shielding assembly. 
For a radially uniform v flux it gives B/AS < 1 .0 
which confirms the Monte-Carlo prediction. 

Conclusion. We have observed events without 
secondary muon or electron, induced by neutral pen- 
etrating particles. We are not able to explain the bulk 
of the signal by any known source of background, 
unless the effective interaction length of neutrons and 
K£ is at least 10 times the inelastic interaction length. 
These events behave similarly to the hadronic part of 
the charged current events. They could be attributed 
to neutral current induced reactions, other penetrat- 
ing particles than v and v e , heavy leptons decaying 
mainly into hadrons, or by penetrating particles pro- 
duced by neutrinos and in equilibrium with the v 
beam. 

On subtraction of the best estimate of the neutral 
hadron background, and taking into account the v(v) 
contamination in the v iy) beam, our best estimates 
of the NC/CC ratios are 

(NC/CC)„ = 0.21 ±0.03 

(NC/CC)_=Q.45±0.09 

where the stated errors are statistical only. If the 
events are due to neutral currents, these two results 
are compatible with the same value of Weinberg pa- 
rameter, sin 2 6> w [1-3] in the range 0.3 to 0.4. 
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We have measured parity violating asymmetries in the inelastic scattering of longitudinally polarized electrons from deu- 
terium and hydrogen. For deuterium near Q 2 = 1.6 (GeV/c) 2 the asymmetry is (-9.5 X 10~ 5 )g 2 with statistical and sys- 
tematic uncertainties each about 10%. 



We have observed a parity non-conserving asymme- 
try in the inelastic scattering of longitudinally polar- 
ized electrons from an unpolarized deuterium target. 
In this experiment a polarized electron beam of energy 
between 16.2 and 22.2 GeV was incident upon a liq- 
uid deuterium target. Inelastically scattered electrons 
from the reaction 



e(polarized) + d -> e' + X, 



(I) 
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were momentum analyzed in a magnetic spectrometer 
at 4° and detected in a counter system instrumented 
to measure the electron flux, rather than to count in- 
dividual scattered electrons. The momentum transfer, 
<2 2 , to the recoiling hadronic system varied between 1 
and 1.9 (GeV/c) 2 (see table 1). 

Parity violating effects may arise from the interfer- 
ence between the weak and electromagnetic amplitudes. 
Calculations of the expected effects in deep inelastic 
experiments have been reported by several authors 
[1-7] , and asymmetries at the level of lO -4 ^ 2 are 
predicted for the kinematics of our experiment. Pre- 
vious experiments with muons [8] and electrons 
[9,10] have not achieved sufficient accuracy to ob- 
serve such small effects. This same interference of am- 
plitudes may also give rise to measurable effects in 
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Table 1 

Kinematic conditions at which data were taken. The average 
Q 2 andy values were calculated for the shower counter using 
a Monte Carlo program. 
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atomic spectra; experiments on transitions in the spec- 
trum of bismuth have already been reported [11 — 13] . 

Of crucial importance to this experiment was the 
development of an intense source of longitudinally po- 
larized electrons. The source consisted of a gallium 
arsenide crystal mounted in a structure similar to a reg- 
ular SLAC gun with the GaAs replacing the usual ther- 
mionic cathode. The polarized electrons were pro- 
duced by optical pumping with circularly polarized 
photons between the valence and conduction bands 
in the GaAs, which had been treated to assure a sur- 
face with negative electron affinity [14,15] . The light 
source was a dye laser operated at 710 nm and pulsed 
to match the linac (1 .5 jjs pulses at 120 pulses per sec- 
ond). Linearly polarized light from the laser was con- 
verted to circularly polarized light by a Pockels cell, a 
crystal with birefringence proportional to the applied 
electric field. The plane of polarization of the light in- 
cident on the Pockels cell could be varied by rotating a 
calcite prism. Reversing the sign of the high voltage 
pulse driving the Pockels cell reversed the helicity of 
the photons which in turn reversed the helicity of the 
electrons. This reversal was done randomly on a pulse 
to pulse basis. The rapid reversals minimized the effects 
of drifts in the experiment, and the randomization 
avoided changing the helicity synchronously with peri- 
odic changes in experimental parameters. Pulsed beam 
currents of several hundred milliamperes were achieved, 
with intensity fluctuations of a few percent. 

The longitudinally polarized electrons were accele- 
rated with negligible depolarization as confirmed by 
earlier tests [16] *' . Both the sign and the magnitude 
of the polarization of the beam at the target were mea- 



sured periodically by observing the asymmetry in 
Miller (elastic electron— electron) scattering from a 
magnetized iron foil [16] . The polarization, |.P e l, 
averaged 0.37. Each measurement had a statistical er- 
ror less than 0.01 ; we estimate an overall systematic 
uncertainty of 0.02. The beam intensity at the target 
varied between 1 and 4 X 10 11 electrons per pulse. 

A schematic of the apparatus is shown in fig. 1 . The 
target was a 30 cm cell of liquid deuterium. The spec- 
trometer consisted of a dipole magnet, followed by a 
single quadrupole and a second dipole. The scattering 
angle was 4° and the momentum setting was about 
20% below the beam energy (see table 1 for the kine- 
matic settings). The acceptance was ±7.4 mrad in scat- 
tering angle, ±16.6 mrad in azimuth and about ±30% 
in momentum, as determined from a Monte Carlo 
model of the spectrometer. 

Two separate electron detectors intercepted elec- 
trons analyzed by the spectrometer. The first was a 
nitrogen-filled Cerenkov counter operated at atmo- 
spheric pressure. The second was a lead-glass shower 
counter with a thickness of nine radiation lengths (the 
TA counter). Approximately 1000 scattered electrons 
per pulse entered the counters. 

The high rates were handled by integrating the out- 
puts of each phototube rather than by counting indi- 
vidual particles. For each pulse, /, the integrated out- 
put of each phototube, N t , was divided by the inte- 
grated beam intensity (charge), Q t> to form the yield 
for that pulse, Y t = A r ,/Q,-. For the distributions of the 
Y, we verified experimentally that the (charge 
weighted) means of the distributions, (Y), were inde- 
pendent of Q, within errors of about ±0.3%, and that 
the (charge weighted) standard deviations, AY, were 
consistent with the statistical fluctuations expected 
from the number of scattered electrons per pulse. For 
a run with n beam pulses the statistical uncertainty on 
|y| was given by AY/sJn. 

As a check on our procedures we measured the 
asymmetry for a series of runs using the unpolarized 
beam from the regular SLAC gun for which the asym- 
metry should be zero. For a given run the experimen- 
tal asymmetry was given by. 

^exp = [< y ( + » - < y (-»l / [ <y ( + )> + <y( -»] ' (2) 

*' The present experiment used the same target as ref. [16], 
but used a different spectrometer and detectors. 
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Fig. 1. Schematic layout of the experiment. Electrons from the GaAs source or the regular gun are accelerated by the linac. After 
momentum analysis in the beam transport system the beam passes through a liquid deuterium target. Particles scattered at 4° are 
analyzed in the spectrometer (bend-quad-bend) and detected in two separate counters (a gas Cerenkov counter, and a lead-glass 
shower counter). A beam monitoring system and a polarization analyzer are only indicated, but they provide important informa- 
tion in the experiment. 



where + and — were assigned by the same random num- 
ber generator that determined the sign of the voltage ap- 
plied to the Pockels cell. For the shower counter we 
obtained a value of (-2.5 ±2.2) X lfJ- 5 for.4 exp di- 
vided by 0.37, the average value of \P e \ for polarized 
beams from the GaAs source. The individual values 
were distributed about zero consistent with the calcu- 
lated statistical errors. We conclude that asymmetries 
can be measured in this apparatus to a level of about 
10~ 5 . 

The same procedures were next applied to a similar 
series of runs using polarized beams. The helicity of the 
electrons coming from the source depended on the 
orientation of the linearly polarizing prism as well as 
on the sign of the voltage on the Pockels cell. Rotation 
of the plane of polarization by rotating the calcite 
prism through an angle (j> caused the net electron hel- 
icity to vary as cos(2<A_). We chose three operating 
conditions: 

(a) prism orientation at 0°, producing + (— ) helicity 
electrons for + (— ) Pockels cell voltage; 

(b) prism orientation at 45°, producing unpolarized 
electrons for either sign of Pockels cell voltage; and 

(c) prism orientation at 90°, producing — (+) heli- 
city electrons for + (— ) Pockels cell voltage. 

Positive helicity indicates that the spin is parallel 
to the direction of motion. As the prism is rotated by 
90° 



sign depends on the helicity of the beam at the target 



A should change sign since it is defined only 
with respect to the sign of the voltage on the Pockels 
cell. We may define a physics asymmetry,^, whose 



A tx =|P.Ucos(2A), 



(3) 



where 0 is the angle of orientation of the calcite prism. 

Fig. 2 shows the results at 19.4 GeV for.4 exp /|.P e |. 
For the 45° point we used a value of 0.37 for \P e \. 
These data are in satisfactory agreement with expecta- 
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Fig. 2. The experimental asymmetry shows the expected varia- 
tion (dashed line) as the beam helicity changes due to the 
change in orientation of the calcite prism. The data are for 
19.4 GeV and deuterium. Since the same scattered particles 
strike both counters, they are not statistically independent. 
No systematic errors are shown. No corrections have been 
made for helicity dependent differences in beam parameters. 
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tions, and serve to separate effects due to the helicity 
of the beam from possible systematic effects associated 
with the reversal of the Pockels cell voltage. Only sta- 
tistical errors are shown. The results at 45° are consis- 
tent with zero and indicate that other sources of error 
in A must be small. Furthermore, the asymmetries 
measured at 0° and 90° are equal and opposite, within 
errors, as expected. Fig. 2 shows data from both the 
Cerenkov counter and the shower counter. Although 
these two separate counters were not statistically inde- 
pendent, they were analyzed with independent elec- 
tronics and responded quite differently to potential 
backgrounds. The consistency between these counters 
serves as a check that such backgrounds are small. 

At 19.4 GeV with the prism at 0° the helicity at 
the target was positive for positive Pockels cell voltage. 
However, this helicity depended on beam energy, ow- 
ing to the g - 2 precession of the spin in the transport 
magnets which deflected the beam through 24.5° be- 
fore reaching the target. Because of the anomalous 
magnetic moment of the electron, the electron spin 
direction precessed relative to the momentum direc- 
tion by an angle 



2 0 g-2 L 



E 0 (GeV) 



'prec 



7 bend' 



^0 

3.237 



77 rad, 



(4) 



where m e is the mass and# the gyromagnetic ratio of 
the electron. Thus we expect 

^exp = l p el A cosp-Q (GeV)/3.237)7r] , (5) 

where the signs of values of ^4 for the prism at 90° 
have been reversed before combining with values for 
the prism at 0°. Fig. 3 shows the results for the kine- 
matic points in table 1 as a function of beam energy. 
At each point Q 2 is different. Since we expect A to be 
proportional to Q 2 , we divide A exp by Q 2 * 2 . Fig. 3 
also shows the expected curve normalized to the point 
at 19.4 GeV. The data clearly follow the g - 2 modu- 
lation of the helicity. At 17.8 GeV the spin is trans- 
verse; any effects from transverse components of the 
spin are expected to be negligible, in agreement with 
our data. 

We conclude from figs. 2 and 3 that the observed 
asymmetries are due to electron helicity. Nevertheless, 

This fact is true in all models. It arises. because the electro- 
magnetic amplitude has a l/Q 2 dependence, giving an asym- 
metry proportional to Q 2 . 





1 

O 




1 


1 


1 




X 




* 




















10 


- 


A 

/ \ 
/ \ 




/l x 


CM 






' \ 




/♦ \ 


" 






\ 




/ 1 x 


"n, 












> 






\ 




/ 


as 












O 






\ 




/ 




0 




\ 


| 


, oprec 


O 




5w f 


67T , 


7tt (rod) 


9? 






1 


\ 




o. 








\ / 


_ 










\ / 




CD 








\ ' 




< 








\ / 






-10 




1 


V 

1 


l 



16.2 



19.4 22.2 

~- 0 (GeV) 



Fig. 3. The experimental asymmetry shows the expected varia- 
tion (dashed line) as the beam helicity changes as a function of 
beam energy due to the g — 2 precession in the beam transport 
system. The data are for the shower counter and the deuterium 
target. No systematic errors are shown. No corrections have 
been made for helicity dependent differences in beam param- 
eters. 

it is essential to search for and set limits on asymme- 
tries due to effects other than helicity. Systematic ef- 
fects due to slow drifts in phototube gains, magnet cur- 
rents, etc., were minimized by the rapid, random re- 
versals of polarization, and had negligible effects on 
A Effects due to random fluctuations in the beam 
parameters were small compared to the 3% pulse to 
pulse fluctuations due to counting statistics in the de- 
tectors. This was verified experimentally by measuring 
j4 ex _ with unpolarized beams from the regular SLAC 
gun, and also by generating "fake" asymmetries using 
pulses of the same helicity from the polarized data 
runs themselves. 

A more serious source of potential error came from 
small systematic differences between the beam param- 
eters for the two helicities. Small changes in position, 
angle, current or energy of the beam can influence the 
measured yields. If these changes are correlated with 
reversals of the beam helicity, they may cause appar- 
ent parity violating asymmetries. Using an extensive 
beam monitoring system based on microwave cavities, 
measurements were made for each beam pulse of the 
average energy and position [17] . Angles were deter- 
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mined from cavities 50 m apart. The beam charge was 
determined using the standard toroid monitors [18] . 
The resolutions per pulse were about 10 pm in posi- 
tion, 0.3 //rad in angle, 0.01% in energy, and 0.02% in 
beam intensity. A microcomputer driven feedback sys- 
tem used position and energy signals to stabilize the 
average beam position, angle, and energy. Using the 
measured pulse to pulse beam information together 
with the measured sensitivities of the yield to each of 
the beam parameters, we made corrections to the asym- 
metries for helicity dependent differences in beam pa- 
rameters. For these corrections, we have assigned a sys- 
tematic error equal to the correction itself. The most 
significant imbalance was less than one part per mil- 
lion in E 0 which contributed -0.26 X 10~ 5 to A/Q 2 . 

We combine the values of A/Q 2 from the shower 
counter for the two highest energy points to obtain 

A/Q 2 = (-9.5 ± 1.6) X 10" 5 (GeV/c)- 2 (deuterium). 

(6) 

We do not include the point at 16.2 GeV because it 
contains fairly strong elastic and resonance contribu- 
tions. The sign implies a greater yield from electrons 
with spin antiparallel to momentum. For this com- 
bined point the average value of y = 1 — E'/Eq is 0.21 
and the average value of Q 2 is 1.6 (GeV/c) 2 . The 
quoted error, based on preliminary analysis, is derived 
from a statistical error of ±0.86 X 10~ 5 added linearly 
to estimated systematic uncertainties of 5% in the val- 
ue of \P e \, and of 3.3% from asymmetries in beam pa- 
rameters. We determined experimentally that the tt - 
background contributed less than 0.1 X 10~ 5 to,4/Q 2 . 
The result in eq. (6) includes normalization corrections 
of 2% for the u~ background, and 3% for radiative cor- 
rections. 

Any observation of non-conservation of parity in . 
interactions involving electrons adds new information 
on the nature of neutral currents and gauge theories. 
Certain classes of gauge theory models predict no ob- 
servable parity violations in experiments such as ours. 
Among these are those left— right symmetric models 
in which the difference between neutral current neu- 
trino and anti-neutrino scattering cross sections is ex- 
plained as a consequence of the handedness of the neu- 
trino and anti-neutrino, while the underlying dynamics 
are parity conserving. Such models are incompatible 
with the results presented here. 

The simplest gauge theories are based on the gauge 



DEUTERIUM TARGET 




Fig. 4. Comparison of our result for deuterium with two SU(2) 
X U(l) predictions using the simple quark -parton model for 
nucleons. The outer error bars correspond to the error quoted 
in the text (eq. (6)). The inner error bars correspond to the 
statistical error. The ^-dependence of A/Q 1 for various values 
of sin 2 0\y is shown for two models: Weinberg-Salam (solid 
lines) and the hybrid model (dashed line). 

group SU(2) X U(l). Within this framework the original 
Weinberg— Salam (W— S) model makes specific weak 
isospin assignments: the left-handed electron and quarks 
are in doublets, the right-handed electron and quarks 
are singlets [19] . Other assignments are possible, how- 
ever. In particular, the "hybrid" or "mixed" model 
that assigns the right-handed electron to a doublet and 
the right-handed quarks to singlets has not been ruled 
out by neutrino experiments. 

To make specific predictions for parity violation in 
inelastic electron scattering, it is necessary to have a 
model for the nucleon, and the customary one is the 
simple quark-parton model. The predicted asymme- 
tries depend on the kinematic variable y as well as on 
the weak isospin assignments and on sin 2 0 w , where 
0 W is the Weinberg angle. Fig. 4 compares our result 
for two SU(2) X U(l) models. The simplest model 
(W-S) is in good agreement with our measurement for 
sin 2 0 w = 0.20 ± 0.03 which is consistent with the val- 
ues obtained in neutrino experiments. The hybrid mod- 
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el is consistent with our data only for values of sin 2 0 w 
^0.1. 

We took a limited amount of data at 19.4 GeV us- 
ing a liquid hydrogen target with the result 



AIQ 1 = (-9.7 ± 2.7) X 1CT 5 (GeV/c)" 



' (hydrogen), 
(?) 



where the error contains both statistical and systemat- 
ic uncertainties. A proton target provides a different 
mix of quarks and is expected to give a slightly smaller 
asymmetry than deuterium [7] . Our results are not 
inconsistent with this expectation. 

It is a pleasure to acknowledge the support we re- 
ceived from many people at SLAC. In particular we 
would like to thank M.J. Browne, G.J. Collet, 
R.L. Eisele, Z.D. Farkas, H.A. Hogg, C.A. Logg and 
H.L. Martin for especially significant contributions. 
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We report the results of two searches made on data recorded at the CERN SPS Proton -Antipioton Collider: one for 
isolated largc-^T electrons, the other for largc-£j neutrinos usmg the technique of missing transverse energy. Both searches 
converge to the same events, which have the signature of a two-body decay of a particle of mass -80 GeV/c 2 . The topology 
as well as the number of events fits well the hypothesis that they are produced by the process p + p *• W* + X, with W* 
— e* + [>; where W* is the Intermediate Vector Boson postulated by the unified theory of weak and electromagnetic inter- 
actions. 
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/. Introduction. It is generally postulated that the 
beta decay, namely (quark) -* (quark) + e* + v is me- 
diated by one of two charged Intermediate Vector 
Bosons (IVBs), W + and W~ of very large masses. If 
these particles exist, an enhancement of the cross sec- 
tion for the process (quark) + (antiquark) -»■ e* + v 
should occur at centre-of-mass energies in the vicinity 
of the IVB mass (pole), where direct experimental ob- 
servation and a study of the properties of such particles 
become possible. The CERN Super Proton Synchrotron 
(SPS) Collider, in which proton and antiproton colli- 
sions at v^ = 540 GeV provide a rich sample of quark 
—antiquark events, has been designed with this search 
as the primary goal [1 ] . 

Properties of IVBs become better specified within 
the theoretical frame of the unified weak and electro- 
magnetic theory and of the Weinberg-Salam model 
[2]. The mass of the IVB is precisely predicted [3] : 

M w ± = (82 + 2.4)GeV/c 2 

for the presently preferred [4] experimental value of 
the Weinberg angle sin 2 0 w = 0.23 ± 0.01. The cross 
section for production is also reasonably well antici- 
pated [5] 

o(pp -+W 1 -»e ! +v)^0.4Xl 0" 33 k cm 2 , 

where A: is an enhancement factor of ~ 1 .5 , which can 
be related to a similar well-known effect in the Drell— 
Yan production of lepton pairs. It arises from addi- 
tional QCD diagrams in the production reaction with 
emission of gluons. In our search we have reduced the 
value of it by accepting only those events which show 
no evidence for associated jet structure in the detector. 

2. The detector. The UA1 apparatus has already 
been extensively described elsewhere [6]. Here we 
concentrate on those aspects of the detector which 
are relevant to the present investigation. 

The detector is a transverse dipole magnet which 
produces a uniform field of 0.7 T over a volume of 
7 X 3.5 X 3.5 m 3 . The interaction point is surrounded 
by the central detector (CD): a cylindrical drift cham- 
ber volume, 5.8 m long and 2.3 m in diameter, which 
yields a bubble-chamber quality picture of each pp 
interaction in addition to measuring momentum and 
specific ionization of all charged tracks. 

Momentum precision for high-momentum particles 
is dominated by a localization error inherent to the 



system (<100 iim) and the diffusion of electrons drift- 
ing in the gas (proportional to \Jl and about 350 jim 
after / = 22 cm maximum drift length). This results in 
a typical relative accuracy of ±20% for a 1 m long 
track atp = 40 GeV/c, and in the plane normal to the 
magnetic field. The precision, of course, improves con- 
siderably for longer tracks. The ionization of tracks can 
be measured by the classical method of the truncated 
mean of the 60% lowest readings to an accuracy of 10%. 
This allows an unambiguous identification of narrow, 
high-energy particle bundles (e + e~ pairs or pencil jets) 
which cannot be resolved by the drift chamber digi- 
tizings. 

The central section of electromagnetic and hadronic 
calorimetry has been used in the present investigation 
to identify electrons over a pseudorapidity interval 
|tj| < 3 with full azimuthal coverage. Additional calo- 
rimetry, both electromagnetic and hadronic, extends 
to the forward regions of the experiment, down to 
0.2° (for details, see table 1). 

The central electromagnetic calorimeters consist of 
two different parts: 

(i) 48 semicylindrical modules of alternate layers 
of scintillator and lead (gondolas), arranged in two 
cylindrical half-shells, one on either side of the beam 
axis with an inner radius of 1 .36 m. Each module ex- 
tends over approximately 180° in azimuth and mea- 
sures 22.5 cm in the beam direction. The light produced 
in each of the four separate segmentations in depth is 
seen by wavelength shifter plates on each side of the 
counter, in turn connected to four photomultipliers 
(PMs), two at the top and two at the bottom. Light 
attenuation is exploited in order to further improve 
the calorimetric information: the comparison of the 
pulse heights of the top and bottom PM of each seg- 
ment gives a measurement of the azimuthal angle <p 
for localized energy depositions, A0 (rad) = 0.3/ 
[iT(GeV)] 1 / 2 . A similar localization along the beam 
direction is possible using the complementary pairing 
of PMs. The energy resolution for electrons using all 
four PMs is AE/E = 0.15/[£(GeV)] V 2 . 

(ii) 64 petals of end-cap electromagnetic shower 
counters (bouchons), segmented four times in depth, 
on both sides of the central detector at 3 m distance 
from the beam crossing point. The position of each 
shower is measured with a position detector located 
inside the calorimeter at a depth of 1 1 radiation 
lengths, i.e. after the first two segments. It consists of 
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Table 1 
Calorimctry. 



Calorimeter 


Angular 


Thickness 




Cell size 


Sampling 


Segmentation 


Resolution 




coverage d 










step 


in depth 


















(•leg) 


No. rad. 
lengths 


No. abs. 
lengths 


AH 
(deg) 


A* 
(deg) 








barrel EM: gondolas 


25 -155 


26.4/sin 8 


1.1/sinS 


5 


180 


1.2 mm Pb 
1.5 mm scint. 


3.3/6.5/10.1/6.5 X 0 


0.15/y/E 


hadr.: c's 


25 -155 


— 


5.0/sinS 


15 


18 


50 mm Fe 
10 mm scint. 


2.5/2.5 >. 


0.8/s/E 


end-caps EM: bouchons 


5-25 


27/cosS 


1.1/cosS 


20 


11 


4 mm Pb 
6 mm scint. 


4/7/9/7 X 0 


0.12/Vfr 


hadr.: I's 


155 -175 


— 


7.1/cos8 


5 


10 


50 mm Fe 
10 mm scint. 


3.5/3.5 >. 


o.&iJe 


calcom EM 


0.7- 5 


30 


1.2 


4 


45 


3 mm Pb 
3 mm scint. 


4X7.5X 0 


0.15/v/E 


hadr. 


175 -179.3 


— 


10.2 


— 


— 


40 mm Fe 
8 mm scint. 


6 X 1.7 >. 


O.S/s/E 


very forward EM 


0.2- 0.7 


24.5 


1.0 


0.5 


90 


3 mmPb 
6 mm scint. 


5.7/5.3/5.8/7.7 Xo 


0.15/-JE 


hadr. 


179.3-179.8 


— 


5.7 


0.5 


90 


40 mm Fe 
10 mm scint. 


5 X 1.25 \ 


0.8/v/e 



two planes of orthogonal proportional tubes of 2 X 2 
cm 2 cross section and it locates the centre of gravity 
of energetic electromagnetic showers to ±2 mm in 
space. The attenuation length of the scintillator has 
been chosen to match the variation of sin 8 over the 
radius of the calorimeters, so as to directly measure 
in first approximation Ej - E sin d rather than the 
true energy deposition E, which can, however, be de- 
termined later, using the information from the posi- 
tion detector. This technique permits us to read out 
directly from the end-cap detectors the amount of 
transverse energy deposited, without reconstruction 
of the event topology. 

3. Electron identification. Electromagnetic showers 
are identified by their characteristic transition curve, 
and in particular by the lack of penetration in the ha- 
dron calorimeter behind them. The performance of 
the detectors with respect to hadrons and electrons 
has been studied extensively in a test beam as a func- 
tion of the energy, the angle of incidence, and the loca- 
tion of impact. The fraction of hadrons (pions) deliver- 
ing an energy deposition E c below a given threshold 
in the hadron calorimeter is a rapidly falling function 
of energy, amounting to about 0.3% (oi p — 40 GeV/c 



and E c < 200 MeV. Under these conditions, 98% of 
the electrons are detected. 

4. Neutrino identification. The emission of one 
(or more) neutrinos can be signalled only by an appar- 
ent visible energy imbalance of the event (missing ener- 
gy). In order to permit such a measurement, calori- 
meters have been made completely hermetic down to 
angles of 0.2° with respect to the direction of the 
beams. (In practice, 97% of the mass of the magnet is 
calorimetrized.) It is possible to define an energy flow 
vector AC, adding vectorially the observed energy de- 
positions over the whole solid angle. Neglecting parti- 
cle masses and with an ideal calorimeter response and 
solid-angle coverage, momentum conservation requires 
AC = 0. We have tested this technique on minimum 
bias and jet-enriched events for which neutrino emis- 
sion ordinarily does not occur. The transverse compo- 
nents AEy and AC 2 exhibit small residuals centred on 
zero with an rms deviation well described by the law 
AE yz = 0.4(2,- \E' T I) 1 / 2 , where all units are in GeV 
and the quantity under the square root is the scalar 
sum of all transverse energy contributions recorded in 
the event (fig. 1). The distributions have gaussian shape 
and no prominent tails. The longitudinal component 
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Fig. 1. The missing transverse energy in the.y 
direction [A£"y (GeV)] plotted versus the scalar 
sum of missing transverse energy [Ej (GeV)] 
for minimum bias triggers. The .y-axis is pointing 
up vertically. 
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of energy AE X is affected by the energy flow escaping 
through the 0° singularity of the collider's beam pipe 
and it cannot be of much practical use. We remark that, 
like neutrinos, high-energy inuons easily penetrate the 
calorimeter and leak out substantial amounts of energy. 
A muon detector, consisting of stacks of eight planes 
of drift chambers, surrounds the whole apparatus and 
has been used to identify such processes, which are oc- 
curring at the level of 1 event per nanobarn for AE z 
> 10 GeV. 

5. Data-taking and initial event selections. The pres- 
ent work is based on data recorded in a 30-day period 
during November and December 1982. The integrated 
luminosity after subtraction of dead-time and other 
instrumental inefficiencies was 18 nb^ 1 , corresponding 
to about 10' collisions between protons and antipro- 
tonsat\/s = 540GeV. 

For each beam— beam collision detected by scintil- 
lator hodoscopes, the energy depositions in all calori- 
meter cells after fast digitization were processed, in the 
time prior to the occurrence of the next beam— beam 
crossing, by a fast arithmetic processor in order to rec- 



ognize the presence of a localized electromagnetic 
energy deposition, namely of at least 10 GeV of trans- 
verse energy either in two gondola elements or in two 
bouchon petals. In addition, we have simultaneously 
operated three other trigger conditions: (i) a jet trigger, 
with >15 GeV of transverse energy in a localized clus- 
ter *' of electromagnetic and hadron calorimeters; 
(ii) a global E T trigger, with >40 GeV of total trans- 
verse energy from all calorimeters with |r;| < 1 .4; and 
(iii) a muon trigger, namely at least one penetrating 
track with [ij| < 1 .3 pointing to the diamond. 

The electron trigger rate was about 0.2 event per 
second at the (peak) luminosity/, = 5 X 10 28 cm~ 2 s -1 . 
Collisions with residual gas or with vacuum chamber 
walls were completely negligible, and the apparatus in 
normal machine conditions yielded an almost pure 
sample of beam— beam collisions. In total, 9.75 X 10 5 
triggers were collected, of which 1.4 X 10 5 were char- 

1 We define a cluster as: (i) a group of eight gondolas and 
the two hadron calorimeter elements immediately behind; 
or (ii) a quadrant of bouchon elements (8) with the corre- 
sponding hadron calorimeters. 
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acterized by an electron trigger flag. 

Event filtering by calorimetric information was fur- 
ther perfected by off-line selection of 28 000 events with 
Ej > IS GeV in two gondolas, or Ej> 15 GeV in 
two bouchon petals with valid position-detector infor- 
mation. These events were finally processed with the 
central detector reconstruction. Of these events there 
are 2125 with a good quality, vertex-associated charged 
track of p T > 7 GeV/c. This sample will be used for 
the subsequent analysis of events in the gondolas. 

6. Search for electron candidates. We now require 
three conditions in succession in order to ensure that 
the track is isolated, namely to reject the debris of jets: 

(i) The fast track (p T > 7 GeV/c) as recorded by 
the central detector must hit a pair of adjacent gondo- 
las with transverse energy Ej > 15 GeV (1 106 events). 

(ii) Other charged tracks, entering the same pair of 
gondolas, must not add up to more than 2 GeV/c of 
transverse momenta (276 events). 

(iii) The <p information from pulse division from 
gondola phototubes must agree within 3a with the 
impact of the track (167 events). 

Next we introduce two simple conditions to en- 
hance its electromagnetic nature: 

(iv) The energy deposition^ in the hadronic calo- 
rimeters aimed at by the track must not exceed 600 
MeV (72 events). 

(v) The energy deposited in the gondolas E gon must 
match the measurement of the momentum of the 
track p CD , namely 1 1 /p CD - 1 /£ gon |< 3o. 

At this point only 39 events are left, which were 
individually examined by physicists on the visual scan- 
ning and interactive facility Megatek. The surviving 
events break up cleanly into three classes, namely 5 
events with no jet activity * 2 , 1 1 with a jet opposite 

2 The definition of a jet is based on the UA1 standard algo- 
rithm, applied separately on the calorimetry and on the 
central detector data. Positive results on either set are taken 
as evidence for a jet. In the calorimetry a four-vector (Jfc; , 
E- t ) pointing to the interaction vertex is associated with 
each struck cell. Working in the transverse plane, all vectors 
with kf > 2.5 GeV are ordered and are used as potential 
jet initiators. They are combined if their separation in phase 
space satisfies the cut Afl = [(At)) 2 + (A0) 2 ] in < 1 (with 
0 in radians). The remaining soft particles are added to the 
nearest jet in At? and A$, provided the relative p j .is < 1 
GeV and At) < 45°. A jet is considered valid if E^ > 10 
GeV. This same procedure is used for central detector 
tracks with appropriately adjusted parameters. 



to the track within a 30° angle in <p, and 23 with two 
jets (one of which contains the electron candidate) or 
clear e + e~ conversion pairs. A similar analysis per- 
formed on the bouchon has led to another event with 
no jets. The classes of events have striking differences. 
We find that whilst events with jet activity have essen- 
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Fig. 2. The missing transverse energy (E v ) is plotted vcctorially 
against the electron direction for the events yielded by the 
electron search: (a) without jets, (b) with jets. 
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Fig, 3, Trie components of the missing energy parallel and 
perpendicular to the election momentum plotted versus the 
electron energy Tor the events found in the electron search: 
(a) without jets, (b) with jets. 



tially no missing energy (fig, 2b) * 3 , the ones with no 
jets show evidence of a missing transverse energy of 
the same magnitude as the transverse electron energy 
(fig. 3a), with the vector momenta almost exactly bal- 
anced back-to-back (fig. 2a). In order to assess how 
significant the effect is, we proceed to an alternative 
analysis based exclusively on the presence of missing 
transverse energy. 

7. Search for events with energetic neutrinos. We 
start again with the initial sample of 2125 events with 
a charged track of p T > 7 GeV/c, We now move to 
pick up validated events with a high missing transverse 
energy and with the candidate track not part of a jet: 

(i) The track must point to a pair of gondolas with 
deposition in excess of Ej > IS GeV and no other 
track with pj > 2 GeV/c in a 20 cone (91 1 events). 

(ii) Missing transverse energy imbalance in excess 
of 15 GeV. 

Only 70 events survive these simple cuts, as shown 
in fig, 4. The previously found 5 jetless events of the 
gondolas are clearly visible. At this point, as for the 

+3 The 1 1 events with an electron and a jet exhibit a pj* 
spectrum with the highest event at p T - 32 GcV/c. 



100-1 



10DO 1S00 



- 70 events - 



I III I I 



40 [GeV) 

Missing transverse energy 

Fig. 4. The distribution of the square of the missing transverse 
energy for those events which survive the cuts requiring asso- 
ciation of the central detector isolated track and a struck gon- 
dola in the missing-energy search. The five jetless events from 
the electron search are indicated, 

electron analysis, we process the events at the interac- 
tive facility Megatek: 

(iii) The missing transverse energy is validated, re- 
moving those events in which jets are pointing to where 
the detector response is limited, i.e. corners, light-pipe 
ducts going up and down. Some very evident, big sec- 
ondary interactions in the beam pipe are also removed. 
We are left with 3 1 events, of which 21 have E c > 0.01 
E gon and JO events in which £" c < 0,01 E mB . 

(iv) We require that the candidate track be well iso- 
lated, that there is no track withp T > 1,5 GeV in a 
cone of 30°, and that E T <4 GeV for neutrals in 
neighbouring gondolas at similar <p angle. Eighteen 
events survive: ten with E e ¥= 0 and eight with E c = 0, 

The events once again divide naturally into the two 
classes: 1 1 events with jet activity in the azimuth op- 
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posite to the track, and 7 events without detectable 
jet structure. If we now examine^, we see that these 
two classes are strikingly different, with large E c for 
the events with jets (fig. 5b) and negligible E c for the 
jetless ones (fig. 5a). We conclude that whilst the first 
ones are most likely to be hadrons, the latter consti- 
tute an electron sample. 

We now compare the present result with the candi- 
dates of the previous analysis based on electron signa- 
ture. We remark that five out of the seven events con- 
stitute the previous final sample (fig. 5a). Two new 
events have been added, eliminated previously by the 
test on energy matching between the central detector 
and the gondolas. Clearly the same physical process 
that provided us with the large-p T electron delivers 
also high-energy neutrinos. The selectivity of our ap- 
paratus is sufficient to isolate such a process from 
either its electron or its neutrino features individually. 
If (v e , e) pairs and (y , t) pairs are both produced at 
comparable rates, the two additional new events can 
readily be explained since missing energy can arise 
equally well from v e and v r . Indeed, closer inspection 
of these events shows them to be compatible with the 
t hypothesis, for instance, t~ -+ ir~TT°v T with leading 
7r". However, our isolation requirements on the charged 
track strongly biases against most of the t decay modes. 

8. Detailed description of the electron-neutrino 
events. The main properties of the final sample of six 
events (five gondolas, one bouchon) are given in table 2 
and marked A through F. The event G is a t candidate. 
One can remark that both charges of the electrons are 
represented. The successive energy depositions in the 
gondola samples are consistent with test beam findings. 
All but event D have no energy deposition in the ha- 
dron calorimeter; event D has a 400 MeV visible, 1% 
leakage beyond 26 .4 radiation lengths. Test beam mea- 
surements show that this is a possible fluctuation. 
Multiplicity of the events is widely different: event F 
(fig. 6b, fig. 7b) has a small charged multiplicity (14), 
whilst event A (fig. 6a, fig. 7a) is very rich in particles 
(65). Event B is the bouchon event, and it has a num- 
ber of features which must be mentioned. A 100 MeV/c 
track emerges from the vacuum chamber near the exit 
point of the electron track, which might form a part 
of an asymmetric electron pair with the candidate. The 
initial angle between the two tracks would then be 1 1 , 
not incompatible with this hypothesis once Coulomb 



scattering and measurement errors of the two tracks 
are taken into account. There is also some activity in 
the muon detector opposite to the electron candidate; 
the muon track is unmeasurable in the central detector. 
For these reasons we prefer to limit our final analysis 
to the events in the gondolas, although we believe that 
everything is still consistent with event B being a good 
event. 

9. Background evaluations. We first consider pos- 
sible backgrounds to the electron signature for events 
with no jets. Missing energy (neutrino signature) is not 
yet advocated. We have taken the following into con- 
sideration: 

(1) A high-p T charged pion (hadron) misidentified 
as an electron, or a high-p T charged pion (hadron) 
overlapping with one or more ir°. 

The central detector measurement obviously gives 
only the momentum p of the charged pion. In addition, 
the electromagnetic detectors can accumulate an arbi- 
trary amount of electromagnetic energy from 7r°'s, 
which would simulate the electron behaviour. Since 
gondolas are thick enough to absorb the electromag- 
netic cascade, the energy deposition in the hadron 
calorimeter is dominated by the punch-through of the 
charged pion of momentum p measured in the central 
detector, for which rejection tables exist from test 
beam results. In our 18 nb _1 sample we have searched 
for single-track events withp T > 20 GeV/c, no asso- 
ciated jet, E > 600 MeV to ensure hadronic signature, 
and a reasonable energy balance (within 3 SD) between 
the charged track momentum measurement and the 
sum of hadronic and electromagnetic energy deposi- 
tions. We have found no such event. Once the measured 
pion rejection table is folded in, this background is en- 
tirely negligible. A further test against pile-up is given 
by the matching in the ^-direction between the charged 
track of the central detector and the centroid of the 
energy depositions in the gondolas, and which is very 
good for all events. 

(2) High-p T 7T°, tj°, or 7 internally (Dalitz) or ex- 
ternally converted to an e + e~ pair with one leg missed. 
The number of isolated EM conversions (7T U , r;,7, etc.) 
per unit of rapidity has been directly measured as a 
function of i? T in the bouchons, using the position de- 
tectors over the interval 10—40 GeV. From this spec- 
trum, the Bethe— Heitler formula for pair creation, and 
the Kroll— Wada formula for Dalitz pairs [7], the ex- 
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Fig. 6* The digitization from the central detectoi for the tracks in two of the events which have an identified, isolated , well-mea- 
sured high-pj electron: (a) high-multiplicity, 65 associated tracks; (b) low-multiplicity, 14 associated tracks. 



/ 



peeled number of even Is with a "single" e* wjthp T 
> 20 GeV/c is 0.2 p 0 (GeV), largely independent of 
the composition of the EM component; p 0 is the ef- 
fective momentum below which the low-energy leg of 
the pair becomes undetectable. Very conservatively, 
we can take p 0 = 200 MeV/c (curvature radius 1 .2 m) 
and conclude that this background is negligible. 



(3) Heavy quark associated production, followed 
by pathological fragmentation and decay configuration, 
such that Q[ ■* e(t>X) with the electron leading and the 
rest undetected, and Qj ■* "(£X), with the neutrino 
leading and the rest undetected. In 5 nb _1 we have 
observed one event in which there is a rnuon and an 
electron in separate jets, with pV' = 4.4 GeV/c and 



112 



Volume 122B, number I 



UA-1 Collaboration 
PHYSICS LETTERS 



391 
24 February 1983 



a 



RUN 2958 Evt/1279 



RUN (.017 Evt 838 




Fig. 7. The energy deposited in the ceils of the central calorimetiy and the equivalent plot for track momenta in the central detec- 
tor for the two events of fig. 6. The lop diagram shows the electromagnetic cells, the middle shows the central detector tracks, and 
the bottom plot, with a very much Increased sensitivity, shows the energy in the hadron calorimeter. The plots reveal no hadronk 
energy behind the electron and no jet structure; (a) high-multiplicity; <b> low-multiplicity. 
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p^ = 13.3 GeV/c. Requiring (i) extrapolation to the 
energy of the events, (if) fragmentation functions for 
leading iepton, and (iii) a detection hole for all remain- 
ing particles, makes the rate of these background 
events negligible. 

In conclusion, we have been unable to find a back- 
ground process capable of simulating the observed 
high-energy electrons. Thus we are led to the conclu- 
sion that they arc electrons. Likewise we have searched 
for backgrounds capable of simulating large-i T neu- 
trino events. Again, none of the processes considered 
appear to be even near to becoming competitive. 

10. Comparison between events and expectations 
from W decays. The simultaneous ptesence or an elec- 
tron and (one) neutrino of approximately equal and 
opposite momenta in the transverse direction (fig. 8) 
suggests the presence of a two-body decay, W-> e + v e . 
The main kinematical quantities of the events are given 
in tabic 3. A lower, model-independent bound to the 
W massm w can be obtained from the transverse mass, 
raj = 2p^' p^ (1 - cos 0j, e ), remarking that rrc w > m T 
(fig. 9). We conclude that: 

m w > 73 GeV/e 2 (90% confidence level) . 

A better accuracy can be obtained from the data if 
one assumes W decay kinematics and standard V -A 
couplings. The transverse momentum distribution of 
the W at production also plays a role. We can cither 
(i) extract it from the events (table 3); or, (ii) use the- 
oretical predictions [8]. 



EVENTS WITHOUT JETS 




ID 10 30 10 CfV 

Fig. 8. The missing transverse energy component parallel to 
the electron, plotted versus the transverse electron energy for 
the final six electron events without jets (S gondolas, t bouchon) 
Ail the events in the gondolas appear well above the threshold 
euts used in the searches. 

As one can see from fig. 10, there is good agreement 
between two extteme assumptions of a theoretical 
model [8] and our observations. By requiring no asso- 
ciated jet, we may have actually biased our sample to- 
wards the narrower first-order curve. Fitting of the in- 



Table 3 

Transverse mass and transverse momentum of a W decaying into an electron and a neutrino computed from the events of table 2. 



Run, event 



pSpet 

electron 
(GeV/e) 



missing Sy 
<GeV) 



Transverse mass p\ = l/JV + Pr I 

{GcVfc) 1 (GcV) 



A 2958 


24 ± 0.6 


24.4 ± 4.6 


48.4 ± 4.6 


0.6 ± 4.6 


1279 










B 3522 


17 ±0.4 


10.9 * 4.0 


26.5 ±4.6 


10.8 t 4.0 


214 










C 3524 


34 t 0.8 


41.3 ±3.6 


74,8 ± 3,4 


8.6 i 3.7 


197 










D 3610 


38 ± 1.0 


40.0 i 2.0 


7S.0 ± 2.2 


2.1 ± 2.2 


760 










E 3701 


37 ± 1.0 


35.5 ± 4.3 


72.4 ± 4.5 


4.7 ± 4.4 


305 










F 4017 


36 ± 0.7 


32.3 ± 2.4 


68.2 i 2.6 


3.8 ± 2.5 


838 
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Fig. 9. The distribution of the transverse mass derived from the 
measured electron and neutrino vectors of the six electron events. 

elusive electron spectrum and using full QCD smearing 
gives m w = (74^) GeV/c 2 . The method finally used 
is the one of correcting, on an event-to-event basis, for 
the transverse W motion from the (£„ — £ e ) imbalance, 
and using the Drell-Yan predictions with no smearing. 
The result of a fit on electron angle and energy and 
neutrino transverse energy with allowance for system- 
atic errors, is 

m w =(81^)GeV/c 2 , 

in excellent agreement with the expectation of the 
Weinberg-Salam model [2]. 

We find that the number of observed events, once 
detection efficiencies are taken into account, is in 
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Fig. 10. The transverse momentum distribution of the W de- 
rived from our events, using the electron and missing-energy 
vectors. This is compared with the theoretical predictions of 
Halzen et al. [8] for W production without [0(a s )] and with 
QCD smearing. 



agreement with the cross-section estimates based on 
structure functions, scaling violations, and the Wein- 
berg-Salam parameters for the W particle [5]. 
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13 

Testing the Standard Model 



Precision Measurements of the Z and W; Search for the Higgs. 

The i/f and T resonances were startling and largely unanticipated. By contrast, it was 
apparent far in advance that the Z would be spectacular in e + e~ annihilation. Indeed, within 
the Standard Model nearly every aspect of the Z could be predicted to the extent that 
sin 2 6>iy was known. Despite this, the study of the Z in e + e~annihilation was a singular 
achievement in particle physics. 

After initial planning as early as 1976, CERN began construction of the Large Electron 
Positron collider in 1983. Because ultrarelativistic electrons lose energy rapidly through 
synchrotron radiation, whose intensity varies as E / p, where p is the radius of curvature, 
LEP was designed with a large circumference, 26.67 km. The first collisions occurred on 
August 13, 1989. 

In a daring move, SLAC aimed to reach the Z before LEP by colliding electron and 
positron beams generated with its linear accelerator. At the Stanford Linear Collider each 
bunch would be lost after colliding with the opposing bunch. While the Mark II detector, 
which had seen service at PEP, was refurbished, four new detectors - ALEPH, DELPHI, 
L3, and OPAL - were built at CERN. 

SLC indeed got to the Z first (Ref. 13.1), but with a disappointing luminosity. In July 
1989, Mark II reported for the Z a mass of 91.11 ± 0.23 GeV and a width of 1.61 t° 0 f 3 
GeV, based on 106 events. 

These results were soon surpassed by measurements at Fermilab. The original acceler- 
ator at Fermilab began operation in 1972 with an energy of 200 GeV. At the time of the 
discovery of the T in 1977, it was operating at 400 GeV. Fermilab pioneered the use of 
superconducting magnets, which increased the operating field to 4 T, allowing the beam 
energy to be doubled to 800 GeV. Following the lead of the SPS at CERN, Fermilab 
also constructed a ring in which antiprotons could be accumulated. The Tevatron Col- 
lider brought together protons and antiprotons inside the main ring. Through this series of 
improvements, the operating cm. energy of the machine increased from about ^/s = 20 
GeV to *Js = 1.6 TeV, from which it was subsequently raised to 1.8 TeV. 

The first detector at the Tevatron Collider was CDF, the Collider Detector Facility. A 
descendant of UA1 and UA2, CDF featured cylindrical geometry, tracking with a drift 
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Figure 13.1. The CDF detector circa 1988. From the inside out, the major sections are the inner 
detector, the electromagnetic and hadronic calorimeters, and finally the magnetized steel toroids for 
muon identification and measurement. [Courtesy Fermilab and CDF Collaboration.] 



chamber inside an axial magnetic field of 1.4 T, and both electromagnetic and hadronic 
calorimetry outside the magnet. The final layer provided for muon detection and measure- 
ment. During the 1988/89 run, a total of 4 pb _1 was accumulated. 

A second detector at the Tevatron Collider, DO, was completed in 1992. It complemented 
CDF by optimizing calorimetry at the cost of tracking. In particular, it had no magnetic field 
in its tracking region. DO's advantage lay in measuring jets at high transverse momentum 
and in detecting missing transverse momentum, a sign of neutrinos or other non-interacting 
particles. The energies of electrons and muons could be measured using electromagnetic 
calorimetry for the former and magnetized absorbers in the outermost layers for the latter. 

CDF, pursuing the hadron collider path set by UA-1 and UA-2, found a Z mass of 
90.9 ± 0.3 ± 0.2 GeV and a width 3.8 ± 0.8 ± 1.0 GeV (Ref. 13.2) from 188 events. 
Back at SLAC, Mark II announced new results in October 1989, based on 480 events: 
m z = 91.14 ± 0.12 GeV, T z = 2.42+°^ GeV. 

The high precision measurement of initial interest was the full line shape of the Z 
because it would reveal the total number of light neutrinos that couple to the Z. While the 
apparent number was simply three - v e , v^, v T - additional generations would appear if 
their neutrinos were light even if their charged leptons and quarks were too heavy to be 
produced. 

The shape of the Z resonance is determined primarily by the Breit-Wigner form dis- 
cussed in Chapters 5 and 9. A relativistic version for e + e~ annihilation through the Z to 
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produce the final state / at cm energy *Js is 

Yin Y e Y f sY 2 

a/( ' )= ^| f2 ( s - m l)2 + s 2 r 2 /m 2 z (111) 

Here Y represents the full width of the Z including its decays to neutrinos, while Yf 
represents the partial width into some final state / and in particular Y e is the partial width 
into e + e~ . Because the light electrons and positrons can emit photons before annihilating, 
there is an important radiative correction. This reduces the height at the peak and makes 
the shape asymmetric. The cross section is higher above the peak than below it because the 
higher energy electrons and positrons can lose energy and move closer to the resonance. 

From the fit to the line shape, the full width Y could be determined. The peak cross 
section (with radiative corrections removed) is 

opeak = ^BR(£) BR(had) (13.2) 

m z 

where BR(had) is the branching ratio for Z into hadrons and BR(£) is the branching ratio 
for the Z into one of the three charged leptons, assuming the three to be equal. The relative 
frequency of the charged lepton and hadronic final states, Rt — BR(had)/BR(£), could be 
measured as well. From Yz, & P eak, and Rg, the partial widths Yi and Y) w drons could be 
deduced. If the remainder is assumed to be due to N v species of neutrinos, we can write 

T = Y hadrons + 3Y t + N V Y V (13.3) 

where Y v is the partial width of the Z into a single neutrino species. If the Standard Model 
prediction is used for this quantity, then the number of neutrino species can be derived. The 
original Mark II data gave N v = 3.8 ± 1.4. With 480 events, the result was N v — 2.8 ± 0.6, 
with N v = 3.9 excluded at 95% CL. 

In November 1989, the LEP experiments reported their first results, each with a few 
thousand events (Refs. 13.3, 13.4, 13.5, 13.6). The masses clustered near 91.1 GeV with 
uncertainties less than 100 MeV. The widths were all near 2.5 GeV, with uncertainties typ- 
ically 150 MeV. The number of neutrino generations was found to be near three, with each 
experiment having an uncertainty of about 0.5. Together, the evidence was overwhelmingly 
for precisely three neutrino generations. 

LEP studied the Z from 1989 to 1995 and tested the Standard Model in exquisite detail. 
The LEP detectors followed the conventional scheme of a generally cylindrical design, 
with charged-particle tracking close to the interaction point, followed by electromagnetic 
calorimetry, hadronic calorimetry, and finally by muon identification and measurement. 
Still, each detector had its own character. ALEPH and DELPHI both used large time pro- 
jection chambers for tracking, with axial magnetic fields of 1.5 T and 1.2 T respectively. 
See Figure 13.2. The OPAL and L3 detectors used magnetic fields of 0.5 T The magnet for 
L3 was outside the rest of the detector, providing an enormous volume over which muons 
could be tracked to give excellent measurements of their momenta. 
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Figure 13.2. Cut-away view of the ALEPH detector at LEP showing (1) the silicon vertex detector, 
(2) inner trigger chamber, (3) time projection chamber, (4) electromagnetic calorimeter, (5) super- 
conducting coil, (6) hadron calorimeter, (7) muon chambers, (8) luminosity monitors. Figure taken 
from M. Martinez et al., Rev. Mod. Phys. 71, 575 (1999). 



The tremendous number of events accumulated by the LEP detectors did not guarantee 
high precision results. Critical to this goal were accurate measurements of the luminosity 
and the beam energy. Cross sections could be measured only as well as luminosities and 
the Z mass only as well as the beam energy. Each detector monitored the luminosity by 
measuring Bhabha scattering, whose cross section is well known and whose rate is so large 
that statistics were basically unlimited. Ultimately, with very careful measurements of the 
luminosity monitor geometries, uncertainties were reduced below one part in a thousand. 

The beam energy at LEP was measured with extreme accuracy by using the technique 
of resonant depolarization. This technique, developed at Novosibirsk where it was used to 
measure the mass of the J /\jr to high precision, resulted in a measurement of the beam 
energy to approximately 1 MeV once effects from the Earth's tides and the Geneva train 
system were fully understood. 

The thousands of events grew to 16 million, shared between the four detectors. The most 
precise results were ultimately obtained by combining the data from ALEPH, DELPHI, 
L3 and OPAL, with the results m z = 91.1876 ± 0.0021 GeV and T z = 2.4952 ± 0.0023 
GeV. The high precision measurement of the mass of the Z is especially important because 
it, together with a = 1/137.03599911 ± 0.00000046, and G F = 1.16637 ± 0.00001 x 
10~ 5 GeV -2 can be taken as the three inputs that define the fundamental constants of the 
Standard Model. The peak cross section was found to be 41.540 ± 0.037 nb and the ratio 
of the hadronic to leptonic width was given by Rt — 20.767 ± 0.025. 
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The Standard Model, described in Chapter 12 is a theory rather than a model in that it 
gives complete predictions, not just approximations. Every prediction can be expressed in 
terms of the three fundamental physical quantities, a, Gf, and mz- Other parameters of 
the Standard Model, like the quark and lepton masses can enter, as well. In practice, all the 
quark masses are small compared to the scale mz except for the mass of the top quark, to 
be discussed in Chapter 14. The mass of the Higgs boson, M# , plays a role, too, but the 
dependence in radiative corrections turns out to be on In M 2 ^ rather than on Mjj directly. 
Two kinds of radiative corrections turn out to be dominant: those involving m, and the 
shift from using a evaluated as the static constant, a — 1/137.036..., and a evaluated at 
the short distance given by the Compton wavelength of the Z. Because we are interested 
in processes at the energy scale mz, the expressions are simplest when written in terms of 
a(m z )^ 1/129. 

The LEP program was to measure branching ratios, asymmetries, and polarizations, 
which could be compared to Standard Model results, looking for possible discrepancies 
that could signal new particles or forces. 

The Standard Model makes very explicit predictions for the branching ratios of the Z. 
Using the relations given in Chapter 12, we find that for a decay to a left-handed fermion 
(and a right-handed antifermion), 

— -JT-Gprnh, r. r. 

T(Z^f L f R )= Z(T 3 -Qsm 2 0 w ) 2 (13.4) 

bit 

where Q is the charge of the fermion, Tt, is its third component of weak isospin (1/2 for u, 
c, —1/2 for d, s, and b) and 6y/ is the weak mixing angle. If the fermion is a quark rather 
than a lepton, we must multiply by a color factor of three. For right-handed fermions (and 
left-handed antifermions), we have similarly, 

r(Z^f R f L )= ^(Qsm 2 e w f. (13.5) 

COT 

There is a correction from QCD for the width to quark pairs, which in lowest order is a 
factor 1 + %■ « 1.03. 

The angular dependence of the production of the various fermion pairs is governed by the 
simple expressions analogous to those given in Chapter 8, which reflect angular momentum 
conservation. Because the Z has only vector and axial vector couplings to fermions a left- 
handed electron can annihilate only a right-handed positron. If the electron's direction is 
the z-axis, the pair annihilates into a Z with J z — — 1 . If the final fermion / is left-handed, 
then the antifermion is right-handed and angular momentum conservation prevents the 
fermion from coming out in the negative z direction. Thus we find 

^(«Z4 -»• Z -» JlIr) oc (1 + cos0) 2 (13.6) 

^( e - e +^Z^ f R J L ) ex (l-cos0) 2 (13.7) 

^(e R e+ -* Z -» f L J R ) ex (l-cos0) 2 (13.8) 
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^(«*«L -» Z -* f R J L ) ex (l + cos0) 2 (13.9) 

Since the cross sections are proportional to r e F f we have for unpolarized scattering 
do , — 



« [v eL + r eR w fL + r A ](i + cos 2 ^) + 2[r eL - r efi ][r /L - r /5 ]cos< 



(13.10) 



An asymmetry can be formed by comparing the number of events F in which the 
fermion / goes forward, that is, into the hemisphere in the electron's direction to the num- 
ber B in which / goes into the backward hemisphere. We find 

f f-b 3[r e , -r eR ][r f , -r fR ] 3, . 
FB f + b 4 [r et + r eR ] [r fL + r fR ] 4 - ; 

where Af — (Tf L — ^f R )/(^f L +Ff R ). The measurement of the forward-backward 
asymmetry in e + e~ — ► Z — ► /z + /x~, for example, provides a clean measurement of 
sin 2 9w since we have 

1-4 sin 2 dw 

At = ~ — - A ■ (13.12) 

(1 - 2 sin 2 0 W ) 2 + 4 sin 4 9 W 

The combined LEP result was A l FB = 0.0169 ± 0.0013. 

The SLC's luminosity improved over the years, though it never rivaled that at LEP. 
Still SLC did have a capability that made it competitive for this class of measurements: 
beam polarization. Using the same technique that was used in the measurement of the left- 
right asymmetry in deep inelastic scattering of electrons off protons discussed in Chapter 
12, left-handed and right-handed electrons were injected into the SLAC linac. It was not 
necessary to polarize the positrons since the coupling only allows annihilation of pairs with 
parallel spins. 

An asymmetry can be formed for left-handed and right-handed electrons producing any 
final state, /. That asymmetry is simply equal to A e - If the degree of polarization of the 
beams is P, then A e is simply given by \/P times the observed asymmetry. Ultimately, an 
electron polarization of about 80% was achieved. The careful measurement of the polariza- 
tion by scattering a polarized beam from the polarized electron beam was essential to the 
measurement. The result reported in 1997 by the SLD Collaboration (Ref. 13.7) was A e — 
0. 15 1 ± 0.01 1, equivalent to A l FB = 0.0171 ± 0.0025. The final analysis of the full data set 
gave an improved result, A e = 0.1516 ± 0.0021, equivalent to A FB = 0.0171 ± 0.0005, 
consistent with the LEP result, but more precise. 
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With the measurement of the Z mass pinned down, the third fundamental parameter 
of the Standard Model, the measurement of the W mass became a critical test. The basic 
prediction for the W mass is 



V2G F sm 2 6 w 



<w~ ^~ . ,. (13-13) 



where sin 6w itself depends on mw'- 



in 



2 



sin 2 6>w=l j-. (13.14) 

m z 

This is modified by radiative corrections. However, the dominant correction is simply 
to replace the usual fine structure constant a(0) by a{m 2 z ). Additional corrections depend 
on m 2 and ln(/n#/mz). See Problem 13.5. Thus a precision measurement of the W mass 
could predict the mass of the top quark, with only a weak dependence on the unknown 
mass of the Higgs boson. 

While e + e~ annihilation provided an unbeatable method for studying the Z, LEP was 
not suited for studying the W. The original measurements of the W mass by UA-1 and 
UA-2 had uncertainties of several GeV. In 1990, CDF reported on 1722 events combining 
results from the W — >■ ev and W — > fiv channels. CDF found mw — 79.91 ± 0.39 GeV. 
By 1992, UA-2 had reduced the error by accumulating more than 2000 events of the decay 
W -*■ ev. For the ratio m w /m z they found 0.8813 ± 0.0036 ± 0.0019. The ratio could be 
determined more precisely than either value separately because some of the uncertainties 
were common to the two measurements. At the time, the mass of the Z had already been 
measured to ±20 MeV at LEP, giving a combined result of mw — 80.35 ± 0.33(stat.) ± 
0.017(syst.) GeV. 

In Run I at the Fermilab Tevatron Collider, from 1992 to 1995, CDF and DO both accu- 
mulated large numbers of Ws and Z's. The errors for each experiment were reduced to 
near 100 MeV, with a combined result of 80.450 ± 0.063 GeV, reported in 1999. 

An entirely new approach to measuring the W mass became possible once the energy at 
LEP was increased above the WW threshold in June, 1996. The W pair cross section rises 
gradually rather than abruptly because the substantial width of the W makes it possible to 
produce one real and one virtual W. While one can measure the W mass through careful 
determination of the threshold rise, in fact the method found more effective at LEP-II was 
to reconstruct the mass from final states in W — ► qq, W — >• qq and W — ► qq, W -» Iv 
events. 

In 1997, more than 50 pb _1 of data were accumulated near «/s — 180 GeV. The mass 
of the W could be determined with a statistical uncertainty of about 130 MeV by each 
experiment. Combining the experiments gave 80.38 ± 0.07 ± 0.03 ± 0.02 GeV, with the 
uncertainties arising from the experiment itself, from theoretical issues, and from the LEP 
beam energy. Further measurements were made as the cm. energy was increased up to 206 
GeV. The combined LEP result was mw = 80.376 ± 0.033 GeV. An upgraded CDF detec- 
tor, running at the Tevatron Collider's Run II, remeasured the W with greatly increased 
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statistics and found a result in 2007 completely compatible with CERN's, mw — 80.413 ± 
0.048 GeV. 

Even before the discovery of the top quark in 1995, the W mass measurements were 
accurate enough to predict m, to be around 180 GeV, assuming the Higgs mass was in the 
range of 100-1000 GeV. 

The Higgs boson is the least constrained part of the Standard Model. Indeed, there is 
no a priori limit on its mass. If the mass is sufficiently large, more than say 1.5 TeV, the 
width of the Higgs boson becomes comparable to its mass and it is hard to justify calling it 
a particle at all. On the other hand, there is no reason to suppose that there is just a single 
Higgs boson. Indeed some models, like supersymmetry, require that there be more than 
one neutral Higgs boson. Because the Higgs boson couples feebly to light particles (that is 
why they are light!), it is best sought in conjunction with heavy particles. LEP II offered 
an ideal approach: e + e~ — > ZH . The electron-positron pair annihilate into a virtual Z, 
which then decays to a real Z and the Higgs boson. In this way, a Higgs boson could be 
found up to very near the kinematic limit, m# = «Js — mz- 

The Higgs boson couples to fermion pairs according to their masses, making H — »■ bb 
and H — »■ r + r~ the best targets. The accompanying Z can be detected in any of its decay 
channels. One vexing background comes from the ZZ final state, when one Z decays to 
bb. With data taken at a center-of-mass energy of 189 GeV, three of the LEP experiments 
were able to set lower limits of about 95 GeV on a Standard Model Higgs boson, while the 
limit from ALEPH, the remaining experiment, was about 90 GeV. 

Still there was more to be wrung out of LEP. Between 1995 and 1999 one after another 
upgrade was carried out to raise the energy higher and higher, opening each time a new 
window in which the Higgs boson might appear. The enormous effort this entailed was 
justified because detailed fits, which depended on \nm 2 H , of the electroweak data from the 
Z pointed to a low value of the Higgs mass, around 100 GeV. The center-of-mass energy 
leapt to 204 GeV, then in a series of small steps to 209.2 GeV. No sign of a Higgs boson 
was seen until the data at 206 GeV were analyzed. 

In the fall of 2000, ALEPH reported events above the background expected, consistent 
with a Higgs boson with a mass of 1 15 GeV. Some confirmation came from L3, but none 
from DELPHI or OPAL. Combining the data from all events in November 2000, the signal 
had a 2.9 a significance. Luciano Maiani, the Director General of CERN faced a dilemma. 
Should he continue to raise the energy of LEP2 and accept a delay in CERN's next big 
project, the Large Hadron Collider, which was to use the LEP tunnel? The decision was 
made to terminate LEP2. Further analysis of the data in the summer of 2001 showed that 
the effect was somewhat smaller, 2.2 a, but whether there is a 1 15-GeV Higgs boson will 
be settled by a hadron collider. 



Exercises 

13.1 Use the final LEP values for the width of the Z, <T pea k, an d Ri to determine N v . For 
r„/ Ti use the Standard Model value of 1.99. 
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13.2 Determine the expression for the left-right forward-backward asymmetry for the 
production of a fermion-antifermion pair at the Z when the initial electron polariza- 
tion is P. How well can A^ be measured with N events of e + e~ — »■ /z + /x~? Assume 
A e is known from measuring the total cross section for left- and right-polarized elec- 
trons. Take P — 0.75. How much is the measurement of A^ improved by using 
polarized beams? Compare your estimate with SLC Collaboration, K.Abe et at, 
Phys. Rev. Lett. 86, 1162 (2001). 

13.3 If a r at rest decays, the angular distribution of the pion is dN/d cos 8 oc 1 + cos 6, 
where 9 is the angle between the pion's direction and the spin of the r and the mass 
of the pion is neglected. Show that this is consistent with the V-A nature of weak 
interactions. If a high energy r decays to nv, what is the expected distribution of its 
visible energy, i.e. the pion's energy, if the x is left-handed? Consider Z — > x + x~ 
and letx = E„/ E T be the fraction of t's energy that is given to the n. Find the joint 
distribution in 6, the polar angle relative to the e~ direction and x, in terms of A e and 
A T . See, ALEPH Collaboration, A. Heister et al., Eur. Phys. J. C20, 401 (2001). 

13.4 The stored LEP electron beam develops a polarization perpendicular to the plane 
of the ring. As described in Problem 12.4, the electron's spin makes vq — ya e — 
(Ef, eam /m e )a e cycles around its polarization for each circuit of the ring, where a e « 
a/2n is the anomalous magnetic moment of the electron in Bohr magnetons. Deter- 
mine the value of vq when LEP ran at the Z using the more precise value a e — 
0.0115965. At a single spot, the electron's spin will seem to advance only by [vq], 
the non-integer part of vq. If a radial magnetic field is applied with a frequency [vq] 
times the frequency of the electron's revolution around the ring, electron spins will 
flip, destroying or reversing the polarization. At LEP, the frequency of the depolariz- 
ing resonance was measured to 2 Hz. What uncertainty in the mass of the Z would 
this cause? See L. Arnaudon et al., Zeit.f. Phys. C66, 45 (1995). 

13.5 The W mass can be predicted from the Z mass using the formula 



2 1 



47ra(l + Ar) 



-j2m 2 z G)F 



m\ 



where Ar incorporates the radiative corrections, including the shift of a from its 
static value to the value at the scale mz- The radiative corrections depend on the 
value of m, and mjj . An adequate representation [A. Ferroglila et al., Phys. Rev. D65, 
113002 (2002)] is 

m w (GeV) = 80.387 - 0.572 \n{m H /\QQ GeV) - 0.0090 [ln(m H /100 GeV)] 2 
+ 0.540 [(m f /174.3 GeV) 2 - 1]. 

Compare the current measurements of m t and mw- What does this indicate about the 
mass of the Higgs boson? Compare with the direct information from LEP II. 
13.6 A value of sin 2 0w can be inferred from measurements of the forward-backward 
asymmetry at LEP. Within the Standard Model, it can be predicted in terms of the 
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three basic parameters, a, Gf, and mz ifm r and m# are known. The latter two occur 
through radiative corrections. An adequate representation is 

sin 2 e'j' = 0.2314 + 4.9 x 10" 4 ln(m#/100 GeV) 



J eff 



3.41 x 10" 5 [ln(m///100GeV)] 2 
2.7 x 10 3 [(m,/174.3 GeV) 2 - 1]. 



The results from LEP for the forward-backward asymmetry for leptonic final 
states gave sin 2 OfJi — 0.23113(21) while for hadronic final states the result was 

sin OfJi — 0.23220(29). What do these results suggest about the mass of the 
Higgs? Compare with the results of Exercise 13.5. 



Further Reading 

ALEPH, DELPHI, L3, OPAL, and SLD Collaborations, LEP Electroweak Working 
Group, SLD Electroweak and Heavy Flavor Working Groups, "Precision Electroweak 
Measurements at the Z Resonance," Phys. Rep. 427, 257 (2006). 
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The cross-section for e + e" -» hadrons in the vicinity of the Z boson peak has been measured with the ALEPH detector at the 
CERN Large Electron Positron collider. LEP. Measurements of the Z mass, M z = (91.174 + 0.070) GeV, the Z width r z = 
( 2.68 ±0. IS) GeV, and of the peak hadronic cross-section, r/K5 k = (29.3± 1.2) nb. are presented. Within the constraints of the 
standard eleclroweak model, the number of light neutrino species is found to be A'„ = 3.27 ±0.30. This result rules out the possi- 
bility of a fourth type of light neutrino at 98% CL. 
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The Z boson was discovered in 1 983 at the pp col- 
lider at CERN [1,2]. Detailed studies of its proper- 
ties can now be performed in e + e~ collisions at LEP. 
In the standard electroweak model [3], the Z boson 
is expected to decay with comparable probability into 
all species of fermions that arc kinematically al- 
lowed. The decay rate of the Z into light, neutral, 
penetrating particles such as neutrinos, that would 
otherwise escape detection, can be measured through 
an increase in the total width T z . Detection of addi- 
tional neutrino species would put in evidence addi- 
tional fermion families, even if the masses of their 
charged partners are inaccessible at presently avail- 
able energies. One additional species of neutrino 
would result in an increase of 6.6% in r z . Further- 
more the peak cross-section to any detectable final 
state f is very sensitive to this change and would de- 
crease by 13% for one more neutrino species. This 
cross-section can be expressed in terms of T z and of 
the partial widths, T„, T v , f t , of the Z into e + e", neu- 
trinos, and the final state fas 



<Tr""=4l?^ £ <l-<»«i>B<Tftl-<Jmd), (1) 
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with 

r z =N v r v +3r et +r„: 
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(2) 



where N v is the number of light neutrino species. In 
the particular case where f comprised mostly had- 
ronic final states, uncertainties in the overall scale of 
partial widths, such as those related to the lack of 
knowledge of the top quark mass and more generally 
to electroweak radiative effects, as well as uncertain- 
ties in the ratio of hadronic to leptonic partial widths, 
largely cancel in this formula. The QED initial state 
radiative correction, S raa , is quite large, but has been 
calculated to an accuracy believed to be better than 
0.5% by several authors [4]. 

Cross-sections are measured by taking the ratio of 
the number of selected Z decays, hereafter referred to 
as hadronic events, to the number of small angle e + c~ 
events from the well calculable Bhabha scattering 
process, hereafter referred to as luminosity events. 



2. Description of the ALEPH detector 

The data presented here have been collected with 
the ALEPH detector during the first three weeks of 
running at LEP, from 20 September to 9 October 
1 989. Guided by earlier measurements of the Z mass 
by the CDF [ 5 ] and Markll [ 6 ] Collaborations, data 
were collected mainly at the Z peak and in the near 
vicinity of it. Integrated luminosities of 64 nb"' at 
the peak and 88 nb" 1 on the sides of the peak were 
recorded. 

A detailed description of the ALEPH detector is in 
preparation [ 7 ] . The principal components relevant 
for this measurement are: 

- The Inner Tracking Chamber, ITC, and 8-layer cy- 
lindrical drift chamber with sense wires parallel to the 
beam axis from 1 3 cm to 29 cm in radius. Tracks with 
polar angles from 14° to 166 = traverse all 8 layers. 

- The large cylindrical Time Projection Chamber, 
TPC, extending from an inner radius of 3 1 cm to an 
outer radius of 1 80 cm over a length of 4.4 m. Up to 
2 1 space coordinates are recorded for tracks with po- 
lar angles from 47° to 133°. Requiring 4 coordinates, 
tracks are reconstructed down to 15°. 

- The Electromagnetic Calorimeter, ECAL, a lead 
wire-chamber sandwich. The cathode readout is sub- 
divided into a total of 73 728 projective towers. Each 
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tower of about I ° X 1 ° solid angle is read out in three 
stacks of 10, 23 and 12 layers (respectively 4, 9 and 
9 radiation lengths). The signals from the 45 wire 
planes of each of the 36 modules are also read out. 
The two endcaps cover polar angles from 1 1 " to 40° 
and 140° to 169° and the barrel covers polar angles 
from40 c to 140°. 

- The superconducting, solenoidal coil, providing a 
magnetic field of 1 .5 T. 

- The Hadron Calorimeter, HCAL, comprised of 23 
layers of streamer tubes interleaved in the iron of the 
magnet return yoke, read out by a total of 4608 pro- 
jective towers. Signals from each of the tubes are also 
read out. The modules are rotated in azimuth by ~ 2° 
with respect to the electromagnetic calorimeter so that 
inactive zones do not align in the two calorimeters. 
The two endcaps and the barrel of the hadron calo- 
rimeter cover polar angles down to 6 = . 

- The Small Angle Tracking chamber, SATR, with 9 
planes of drift tubes, covering angles from 40 to 90 
mrads. for precise measurement of small angle elec- 
tron tracks. 

- The Luminosity Calorimeter, LCAL. similar in its 
construction and read-out to ECAL, extending from 
50 to 1 80 mrads, providing energy and position mea- 
surement of the showers produced by luminosity 
events. 

Hadronic events were triggered by two indepen- 
dent first level triggers: (i) an ECAL-based trigger, 
requiring a total energy of 6 GeV deposited in the 
ECAL barrel or 3 GeV in either of the ECALendcaps 
or 1 GeV in both in coincidence; (ii) an ITC-HCAL 
coincidence, for penetrating charged panicles, re- 
quiring 6 ITC wire planes and 4 to 8 planes of HCAL 
tubes in the same azimuthal region. 

Luminosity events were also triggered in two ways: 
(i) a coincidence of 15 GeV deposited in LCAL on 
one side with 10 GeV deposited on the other side, 
without requiring azimuthal correlation: ( ii ) a single 
arm requirement of 32 GeV deposited in cither side 
of LCAL. In addition, prescaled single arm triggers 
with 10 and 1 5 GeV thresholds were recorded to pro- 
vide an estimate of the beam related background. 

All types of events were processed simultaneously 
through the same trigger system (with the same dead- 
time), through the same data acquisition and recon- 
struction programs. In order to ensure that the events 
were counted during the same life-time, the list of en- 



abled triggers and the status of each of the relevant 
subdetcctors was recorded with each event. Events 
were accepted only when both ECAL and LCAL were 
running and when both ECAL and LCAL triggers 
were enabled. A possible bias could come from the 
few data acquisition failures that occurred during the 
run. A careful investigation of all the events before, 
during, and after each failure revealed a possible but 
small loss of 0.4% of the hadronic events. This check 
could be done for the events that were mishandled 
because their trigger pattern was always recorded and 
the trigger patterns of hadronic and luminosity events 
are unique enough to allow an estimate of the losses 
in each category. 



3. Event selection 

To provide a check, two independent event selec- 
tions were used. The first one selected hadronic Z de- 
cays only, and was based on TPC tracks. The second 
one selected decays of the Z into hadrons as well as t 
pairs, and was based on calorimetric energy. The 
event samples overlapped to the extent of 95%. The 
efficiencies of both methods were very close to unity 
and systematic uncertainties in these efficiencies were 
less than 1 %. Altogether 3112 events were retained in 
the track selection and 3320 events in the calorime- 
tric selection. 

3. 1. Selection with TPC tracks 

Hadronic Z decays (a typical event is shown in fig. 
1 ) were selected on the basis of charged tracks only, 
requiring at least 5 charged tracks. The energy sum of 
all charged tracks was required to be at least 10% of 
the centrc-of-mass energy. Tracks were required to 
have a polar angle larger than 18. 2 = , to be recon- 
structed from at least 4 TPC coordinates, and to orig- 
inate from a 2 cm radius 20 cm long cylinder around 
the nominal beam position. The performance of the 
TPC was in remarkable agreement with expecta- 
tions. In order to estimate the acceptance, a complete 
simulation of the e + e"->hadrons process was per- 
formed, including initial state radiation effects and 
hadronization. The properties that arc relevant for 
acceptance calculation, total charged-particle energy, 
track multiplicity, sphericity distribution and polar 
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Fig. I, A had ron ic Z decay in the ALEPH detector: (a) -r-)' view; 
(b) r-rview. 



angle distribution, are in good agreement with the 
simulation, as shown in fig. 2. The efficiency of this 
selection method is 0,975 + 0,006, on the peak; the 
error corresponds to assigning a conservative 20% 
energy scale uncertainty near the cut. Uncertainties 
in hadronization models were reduced to a very smatl 
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Fig. 2. Properties of charged tracks in hadronic evems and com- 
parison wiih simulations. La each plot, The solid points represent 
data and the lines represent the simulation normalised to the da la: 
(a) distribution of the chargcd-irack energy sum per event; (b> 
charged-irack multiplicity distribution: (c) sphericity distribu- 
tion For cvenis where the sphericity axis had a polar angle such 
itial lcosr), w ] <0 8;and (d) polar angle distribution for charged 
tracks. 



level by using the measured sphericity distribution for 
the acceptance calculation. Due to initial state radia- 
tion, this efficiency varies slightly on the side of the 
Z peak by up to —0.003. 

Contamination of the sample of hadronic events 
by t pairs from Z decays was estimated to be 
(5.1 ± 1.5) cvenis, and in fact three events compati- 
ble with that hypothesis were found in Ihe sample. 
Contamination by beam-gas interactions was esti- 
mated from the number of events found passing the 
selection cuts except for the longitudinal vertex po- 
sition: about one event is expected. Finally the back- 
ground from e*'e~-.e + e~+hadrons ("two-photon" 
events) was calculated to be about 1 5 pb, represent- 
ing a contamination of 0.5x 10"' to the peak cross- 
section. 
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3.2. Selection using the calorimeters 

The aim of this method was to select hadronic and 
x events. The basic requirement was that the total ca- 
lorimctric energy be above 20 GcV, as well as either 
>6 GeV in the ECAL barrel or at least 1.5 GeV in 
each ECAL endcap. These requirements reduce both 
two-photon events and muon-pair events to a negli- 
gible level. Large-angle e + e~ events were rejected on 
the basis of their characteristic tight energy clusters 
in the electromagnetic calorimeter. For the few events 
with no tracks at all, cuts were applied to eliminate 
cosmic rays: a timing cut and a cut on the minimal 
number (2) of clusters above 3 GeV in ECAL. On 
the basis of Monte Carlo simulation as well as the 
scanning of events the resulting selection efficiency is 
0.994 ± 0.005 for hadronic events and 0.60 ±0.05 for 
x events, giving a combined ff had + CT t efficiency of 
0.974 ±0.006. Contamination by events other than 
hadronic or x was estimated to be less than 0.4%. 

The two event samples were compared event by 
event. Differences were well understood given the 
different characteristics of the two selections. 

3.3. Trigger efficiency 

The trigger efficiency was measured by counting 
events where one or both of the ECAL and ITC- 
HCAL triggers occurred; it was found to be 100% for 
the ECAL trigger and 87% for the ITC-HCAL trig- 
ger, giving an overall efficiency of 100%. 



4. Determination of the luminosity 

Luminosity events were selected on the basis of the 
energy deposited in the LCAL towers. Neighboring 
towers containing more than 50 MeV were joined into 
clusters, giving energy and position of the shower. 
Events were required to have a shower reconstructed 
on each side of LCAL. 

In order to minimize the dependence of the accep- 
tance upon precise knowledge of the beam parame- 
ters, an asymmetric selection was performed: on one 
side (e.g., the c + side), showers were required to have 
more than half of their energy deposited in a fiducial 
volume (fig. 3) excluding the towers situated at the 
edge of the detector; the total energy deposit on that 
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Fig. 3. End view of Ihe Luminosity Calorimeter, showing Ihc tower 
limits; the shaded area represent the towers excluded from the 
fiducial area. 



side was also required to be larger than 55% of the 
beam energy; on the other side (e~ side), only a total 
energy deposition of more than 44% of beam energy 
was required. The respective roles of the e + and c~ 
sides were interchanged in every other event. Finally, 
the difference in azimuth, A<p, between the e + and the 
e~ was required to be larger than 170". 

The accepted cross-section was calculated using a 
first order event generator [8] with a full simulation 
of the detector. The value obtained for the cross-sec- 
tion for Bhabha scattering into the region within these 
cuts was found to be (31.12 + 0.45 exp ±0.31, h ) nb, at 
a centre-of-mass energy of 9 1 .0 GcV and for a Z mass 
of 91.0 GeV. the first error represents the effect of 
uncertainties in the simulation, calibration, and po- 
sitioning of the apparatus; the second one represents 
the possible error due to neglecting higher order ra- 
diative effects, and the uncertainty in the photon 
vacuum polarization [9]. Properties of the luminos- 
ity events are shown in fig. 4, and compared with the 
simulation. The optimum energy resolution has not 
yet been obtained, but the acceptance is quite insen- 
sitive to this. Other properties are in good agreement 
with expectations. The displacements of the beam 
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Fig. 4. Properties of luminosity events passing selection criteria 
and comparison with simulations. In each plot, the solid points 
represent data and the lines represent the simulation normalized 
to the data: (a ) shower energy distribution for events passing the 
tight fiducial cut; ( b ) azimuthal separation A0 of the two oppo- 
site clusters: (c) polar angle distribution. 



were measured using luminosity events themselves 
and corrected for. 

The beam-related background contamination was 
estimated from single arm. prescalcd triggers. These 
triggers were combined into artificial double arm 
events. The number of such combinations passing the 
selection cuts was normalized to the number of real 
coincidences with A<J<90 S . This background sub- 
traction was performed for each run and was of the 
order of l"/o or smaller. 

The contamination by physics sources such as 
e*c~-»yy orc + c~->c + c~f?has been estimated to be 
less than 2xl0~\ The interference of the Z ex- 
change diagram with the purely QED contribution has 
been taken into account when determining the reso- 
nance parameters. 

The trigger efficiency was measured for each data 
taking period by comparing the number of events 
passing the selection criteria that set the single arm 
trigger, the coincidence trigger, or both. Inefficien- 



Table I 

Summary of systematic errors in the luminosity measurement. 

transverse and longitudinal shower profile ± 0.005 

energy scale ±0.002 

energy resolution and cell-lo-ccll calibration ±0.007 

external alignment and beam parameters ± 0.002 

internal alignment and inner radius ±0.010 

description of material ±0.005 

higher order radiative effects ±0.01 

total uncertainty: ±0.02 



cies in the trigger were traced down to faulty elec- 
tronic channels. Efficiencies vary with the run, rang- 
ing from 0.98 to 1 .00 with an average value of 0.997 ± 
0.002. 

A summary of the luminosity systematic errors is 
given in table I. A relatively small normalization er- 
ror was possible mainly as a result of the excellent 
spatial resolution of the calorimeter ( ~300 um for 
electrons near the tower boundaries), the good back- 
ground conditions delivered by the machine, the 
availability of a redundant set of triggers and prog- 
ress in the theoretical calculations [10]. The relative 
normalization uncertainty of cross-section measure- 
ments at different energies comes mostly from differ- 
ences in background conditions and trigger effi- 
ciency. These uncertainties were taken into account 
in the statistical error. 



S. Determination of the Z resonance parameters 

The number of Z events, of luminosity events, to- 
gether with the cross-sections arc given in table 2 for 
the two event selection methods. 

Two different fits were performed to the data. In 
the first fit, the basic parameters of the Z resonance, 
its mass M z , width r z , and QED corrected peak cross- 
section 



tJr's 



12k /; c r f 



are extracted with little model dependence. In the 
second fit. the constraints from the standard model 
arc applied to determine ,V/ Z and /V„. 
The three parameter fit was performed using com- 
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Table 2 

Event numbers and cross-section as a function of ccntre-of-mass energy. The overall systematic error of + 2% in the cross-sections is not 

included. 



Energy 
GeV 


Selection 


from TPC tracks 




Selection 


by calorimeters 


















iv.« 


'\mi 


c M „ (nb) 


AU+JV 


J *lumi 


Ohu + o, (nb) 


89.263 


120 


443 


9,00 ±0.92 


134 


450 


9.89 ±0.97 


90.265 


406 


715 


18.43 + 1.14 


445 


736 


19.62 + 1. [7 


91.020 
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JI.29tt.T2 
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32.28 + 1.76 


91.266 


1156 


1295 


28.16 + 1.14 


1243 


1309 


29.96±1.19 


92.260 


258 


377 


21.11 + 1.72 


268 


374 


22,I0±1,78 


92.519 


125 


247 


15.52 ±1.71 


142 


260 


16.75 ±1.76 


93.264 


391 


883 


13,36 + 0.82 


410 


889 


13.92 ±0.84 



purer programs by Burgers [II] and Borelli ct al. 
[12 J, folding a Breit-Wigner resonance (with inde- 
pendent width ) with the second order exponentiated 
initial stale radiation spectrum. Results from fitting 
with the two programs were in good agreement with 
each other. These approximate programs agree ade- 
quately with complete clectroweak calculations (see 
D,Y. Bardin et al., in ref. [4] and ref. [13]) for 
centre-of-mass energies within +2.5 GeV of the peak. 
These fits yield the values for the mass and width of 
the Z boson shown in table 3. 

The data points and the result of the fit are shown 
in Tig, 5 for the track selected events. 

The error in M z docs not yet include the uncer- 
tainly in the mean c*e~ collision energy. This error 
was determined by the LEP division [14] on the ba- 
sis of measurements of uncertainties in the magnetic 
field integrals and in the orbit positions to be 5 X 1 0~* 
or 45 McV. Including this uncertainty, we find 



.W z = (91.174±0.O55„ o ±0.045 LE! .)GeV 



(3) 



The value agrees with the two previous best measure- 
ments, refs 1 5,6 ] , but the uncertainty is smaller by a 
factor of 2, 



M z is effectively uncorrclated with the other two 
parameters. The correlation between T 2 and a" for 
the track selected data sample is shown in fig. 6. 

In the standard model, r«. r h<(1 and r„ are calcul- 
able with a small uncertainty of about ± 1% due to 
(i} electroweak radiative effects involving unknown 




-S ' Si ' — £— 

ENERGY (StV) 

Fig. 5. The cross-section for e*e"->hadrons as a function of 
centre-of-mass energy and result of the three parameter fit. 



Table 3 
















MzlGeV) 


/'z(GeV) 


ff°{nb) 


(T'-^tnb) 




hadmnic events 
hadromc + r events 
combined 


91 178±0.055 
91.170 + 0.054 
91.174 + 0.054 


2,66 to. 16 
2.70 + 0.15 
2.68 ±0.1 5 


39.1 ±1.6 
40.9+ 1.7 


29.3 ±1.2 
30.5 + 1.3 
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Fig. 6. The tolal width versus the peak hadronic cross-section, 
with 68% and 90% CL experimental contours. The standard model 
prediction for 2, 3 or 4 species of neutrinos is also shown, with 
its theoretical error. 



Table 4 

Standard model partial widths of the Z in MeV for the measured 
value of M z ; a, = 0. 1 2 + 0.02 and sin 2 f) w = 0.230± 0.006 have been 
used as input. 



r„ 


(MeV) 


83. 5± 


0.5 


r v 


(MeV) 


166.5 + 


1.0 


^.d(MeV) 


1737 + 


22 



particles, such as the top quark; ( ii ) the value of the 
strong coupling constant a s . The standard model pre- 
dictions for the partial widths are given in table 4. 
The standard model predictions for ct° and T z assum- 
ing 2, 3, and 4 species of light neutrinos arc shown in 
fig. 6. The value /V v = 3 is preferred. More precise in- 
formation on /V v is contained in the peak cross-sec- 
tion (7°. 

If the partial widths arc taken from standard model 
predictions, a two parameter fit can be performed, 
leaving M z and <V„ as only free parameters. This fit, 
performed with the programs of refs. [ 1 2. 1 5 ] on the 
two data samples, leaves the value of M 7 unchanged. 
The result for A' v is 



A' v = 3.27±0.24 sla ,±0.16 sys ±0.05 u 



(4) 



where the errors coming from statistics, experimen- 
tal systematics and theoretical uncertainty are shown 
separately. Theoretical uncertainties due to electro- 
weak radiative effects consist mostly in a change of 
the overall scale of the partial widths, and largely 



cancel in a 0 . The uncertainty in r had , related to the 
QCD correction, cancels in part in a°\ the resulting 
uncertainty ACT7CT°=0.4AT had /r z = 0.003 is much 
smaller than the effect produced by a single neutrino 
family, Act 0 /ct°= -0. 13. Combining these errors in 
quadrature one finds 



<V V = 3.27 ±0.30. 



(5) 



The hypothesis /V„ = 4 is ruled out at 98% confidence 
level. This measurement improves in a decisive way 
upon previous determinations of the number of neu- 
trino species from the UA1 [16] and UA2 [17] ex- 
periments, from PEP [18] and PETRA [19], from 
cosmological [20] or astrophysical [21 ] arguments, 
as well as from a similar determination at the Z peak 
[22]. 

The demonstration that there is a third neutrino 
confirms that the x neutrino is distinct from the e and 
u neutrinos. The absence of a fourth light neutrino 
indicates that the quark-lepton families arc closed 
with the three which arc already known, except for 
the possibility that higher order families have neutri- 
nos with masses in excess of ~ 30 GeV. 



Acknowledgement 

We would like to express our gratitude and admi- 
ration to our colleagues of the LEP division for the 
timely and beautiful operation of the machine. We 
thank the Technical Coordinator, Pierre Lazcyras, 
and the technical staff of the ALEPH Collaboration 
for their excellent work. We would like to dedicate 
this paper to the memory of those who died during 
LEP construction: Luigi Barito, Miloud Fcrras, Luigi 
Filippi, Frederic Mouly, Noel Piccini and Francois 
Pierrus. Those of us from non-member countries 
thank CERN for its hospitality. 



References 



[ I ] UAI Collab., G. Arnison el al„ Phys. Lett. B 126 (1983) 

398. 
[2JUA2 Collab., P. Bagnaia et al., Phys. Lett. B 129 (1983) 

130. 



528 



ALEPH Collaboration 



415 



Volume 231, number4 



PHYSICS LETTERS B 



16 November 1989 



15] 
16] 

[71 

18] 



19] 



S.L. Glashow, Nucl. Phys. 22 ( 1961 ) 579; 

S. Weinberg, Phys. Rev. Lett 1 9 ( 1 967 ) 1 264; 

A. Salam, Elementary panicle theory, ed. N. Svartholm 

(Almquist and Wilcsell, Stockholm, 1968) p. 367. 

For references see D.Y. Bardin et al., Z-line-shape group, 

in: Proc. Workshop of Z physics at LEP, CERN report 89- 

08; 

R.N. Cahn, Phys. Rev. D 36 ( 1987) 2666; 

O. Nicrosini and L. Trentadue, Phys. Lett. B 196 (1987) 

551; 

F.A. Berends, G. Burgers, W. Hollik and W.L. van Neerven, 

Phys. Lett. B 203 (1988) 177; 

G. Burgers, in: Polarization at LEP, preprint CERN 88-06 

(1988); 

D.C. Kennedy et al., Nucl. Phys. B 32 1 ( 1 989 ) 83. 

F. Abe et al., Phys. Rev. Lett. 63 ( 1 989 ) 720. 

GS. Abrams el al., Phys. Rev. Lett. 63 (1989) 724. 

ALEPH - a detector for electron-positron annihilation at 

LEP, Nucl. Instrum. Methods, to be published. 

F.A. Berends and R. KJeiss, Nucl. Phys. B 228 ( 1 983 ) 737; 

M. Bohm, A. Denner and W. Hollik, Nucl. Phys. B 304 

(1988)687; 

F.A. Berends, R. Kleiss and W. Hollik, Nucl. Phys. B 304 

(1988) 712. 

H. Burkhardt, F. Jegerlehner, G. Penso and C. Verzegnassi, 

Z. Phys. C 43 (1989) 497. 



[10] D.Y. Bardin el al., Monte Carlo working group, Proc. 

Workshop of Z physics at LEP, CERN report 89-08. 
[II] Computer program ZAPP, courtesy of G. Burgers. 
[12] A. Borelli, M. Consoli, L. Maiani and R. Sisto, preprint 

CERN-TH-5441 (1989). 
[13] Computer program ZHADRO, courtesy of G. Burgers. 
[ 1 4 ) S. Myers, private communication; and LEP note, to appear. 
[15] Computer program ZAPPH, courtesy of G. Burgers. 
[16]UA1 Collab., C. Albajar et al., Phys. Lett. B 185 (1987) 

241; B 198(1987)271. 
[17] UA2 Collab., R. Ansari et al., Phys. Lett. B 1 86 ( 1 987 ) 440. 
[18] MAC Collab.. W.T. Ford et al., Phys. Rev. D 19 (1986) 

3472. 

ASP Collab., C. Hearty et al., Phys. Rev. Lett. 58 (1987) 

1711. 
[19] CELLO Collab., H.J. Behrend et al., Phys. Lett. B 215 

(1988) 186. 
[20] G. Steigman, K.A. Olive, D.N. Schramm and M.S. Turner, 

Phys. Lctt.B 176(1986)33; 

J. Ellis, K. Enqvist, D. V. Nanopoulos and S. Sarkar, Phys. 

Lctt.B 167(1986)457. 
[ 2 1 ] J. Ellis and K.A. Olive, Phys. Lett. B 1 93 ( 1 987 ) 525; 

R. SchaelTer, Y. Declais and S. Jullian, Nature 330 (1987) 

142; 

L.M. Krauss, Nature 329 (1987)689. 
[22] Markll Collab., J.M. Dorfan, Intern. Europhysics Conf. on 

High energy physics (Madrid, Spain, September 1989). 



529 



14 

The Top Quark 



Completing the Third Generation. 

No one could doubt that there would be a sixth quark, the top or t, but it was equally certain 
that initially no one knew where it would be found. With the b quark near 5 GeV, 15 GeV 
or so seemed reasonable for the mass of the top quark. Every new accelerator that came on 
line had the potential to make the discovery and every one of them came up empty handed. 
Particularly disappointing were the cases of TRISTAN, an e + e~ collider at KEK, which 
reached cm. energy of 61 .4 GeV and set a lower bound of 30.2 GeV and the Sp~pS collider 
at CERN, which found the W and Z. Even SLC and LEP searched to no avail, setting 
limits at half the mass of the Z. This left the search to hadron colliders. 

In 1984 and 1985 CERN's SpJpS collider reigned as the world's highest energy machine, 
with «Js — 630 GeV. Having already discovered the W and Z, it was positioned to look for 
the top quark through the decay W — ► tb and early results from UA-1 gave evidence for a 
top quark with a mass of 40 ± 10 GeV. However, additional running and further analysis 
did not confirm the result but instead produced a bound of 55 GeV. 

With further running at the Sp~pS in 1988/9 both UA-1 and UA-2 improved this limit. 
Using signals from muons and jets, UA-1 ruled out a top quark below 60 GeV, while UA-2, 
which looked in the electron plus jets channel excluded masses below 69 GeV. 

At the same time, at CDF the lower limit on the top quark mass was raised to 77 GeV. 
Adding additional channels moved the limit higher, to 85 GeV, then to 91 GeV. 

The Standard Model gave no direct information on the mass of the top quark, for all 
the quark masses are simply arbitrary parameters. However, using detailed electroweak 
measurements it was possible to make inferences about the mass of the top quark. Of all 
the particles in the Standard Model, only the t and the Higgs remained to be discovered. 
The prediction of the W mass in terms of the Z mass in lowest order is 



m\ 



HW'-^i) (i4i> 



The W and Z can undergo virtual transitions, the W to tb and the Z to tt or bb. These 
result in small radiative corrections to the relation between their masses. It is also possible 
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for the W and Z to make virtual transitions by emitting and reabsorbing a Higgs particle. 
It turns out that the mass of the Higgs boson enters these effects only as \nm 2 H while 
there are corrections to the W and Z masses squared proportional to mj, as discussed in 
Chapter 13. A good measurement of the W mass together with a rough guess for the Higgs 
mass was enough to make a reasonable prediction of the mass of the top quark. By 1994, 
these estimates centered on values around 180 GeV. 

Though the mass of the top was uncertain, its behavior was completely predicted by the 
Standard Model. Once the limits on the top mass exceeded the mass of the W it was clear 
that its decay would be t — >• W + b, whose width is 

r, = - f -p(i--f) ( 1 + 2-f). (14.2) 

8jtV2 \ m t)\ m t J 

If the t quark were well above the bW threshold, this width would be on the order of 
a GeV, meaning that any narrow bound states it would be completely obscured. More 
picturesquely, the t would decay before it could bind. 

The W + could decay leptonically to e + v e , /U + v„, or r + v r , or nonleptonically, primarily 
to ud or cs. Since the t was pair produced, there were four general forms for the events: 



t -H> b(t + v) t - 


* b(l-v) 


t-> b(qq) t - 


* b(i~v) 


t -► b(l+v) 1 - 


> b(qq) 


*-► b(qq) t - 


> b(qq) 



The last of these would be particularly hard to isolate since these events would be masked 
by much more common events in which jets were produced by ordinary QCD interactions. 
Leptons were thus the key signature for the t quark. The b and q and q quarks would 
appear as jets while the neutrinos would result in large missing "transverse energy," i.e. a 
transverse momentum imbalance. 

The Tevatron Collider resumed running in 1992 and collected data during Run la 
(1992/3) and Run lb (1994/5). Using Run la data, DO raised the limit on the top quark mass 
to 131 GeV. By May 1994, CDF had enough events to declare that they had "evidence for 
the top quark," though they stopped short of announcing its discovery (Ref. 14.1). Two 
events were found that contained both an e and a fi, and which had both two additional jets 
(presumably from the b quarks) and missing transverse energy. Events in which a single 
lepton was found faced more severe backgrounds and additional requirements had to be 
imposed. Only events in which there were three or more jets were considered. In addition, 
there had to be evidence that at least one jet came from a b. This evidence was obtained in 
two ways. A lepton too "soft" (i.e. with not very high transverse momentum) to indicate 
a W was circumstantial evidence for the semileptonic decay of a b. Alternatively, the 
presence of the b could be demonstrated by finding a sign of the B decay itself. 

The silicon vertex detector (SVX), the innermost part of CDF's tracking system, could 
measure tracks with a precision of tens of microns. This was good enough to identify B 
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decays, for which a typical decay length would be ex — 450 \xm times the boost due to 
the motion of the B. Six events with an apparent separated B vertex were found, with a 
background of 2.3 ± 0.3. The soft lepton tag found seven with a background of 3.1 ± 0.3. 
Three of the seven had S VX tags as well. 

The mass of the t quark could be obtained from the events with a single lepton (and thus 
just one missing neutrino). Seven of the ten events had four or more jets and those with 
the highest transverse momentum were used to fit the hypothesis (b£v)(bqq) where the b's 
and q's would appear as jets. This kinematical fit gave a mass determination (though no 
discovery was claimed!) of m t — 174 ± 10^ 12 GeV. 

In February, 1995, both CDF (Ref. 14.2) and DO (Ref. 14.3) were ready to declare the 
top quark found. CDF had 48 pb~ l of new data to add to their previous 1 9 pb~ J . Moreover, 
improvements in the silicon vertex detector increased its efficiency for finding b vertices 
in top events by a factor of two, to about 40%. There were 21 events in the data sample 
in which the SVX found vertices that were candidates for b decays. In six of the events, 
two jets were tagged. Additional candidates with soft lepton tags together with jets were 
identified. Six dilepton events were recorded. The refined mass measurement, m t — 176 ± 
8 ± 10 GeV, was quite close to that in the earlier CDF paper. 

The DO Collaboration had to overcome handicaps from the design of their detector, 
which was less suited for the task than was CDF, lacking both a magnetic field and a high 
precision silicon tracking device. See Figure 14.1. The basic strategy was the same as for 
CDF: identify leptons as candidates for decays of W's and jets as candidates for both the b 
quark-jets and products of nonleptonic W decays. To compensate for the limitations of the 
detector, DO developed effective cuts that reduced background, in particular a cut on the 
total transverse energy. In the dilepton channels, two jets were required as well as missing 
transverse energy. In the single lepton channels, at least three jets were required. This was 
increased to four for events in which there was no lepton tag that would signal a b quark. 
Combining seven channels, DO found 17 events with an anticipated background of 3.8. 
With their sample, DO was not able to determine the mass with as much precision as CDF. 
Their result, m t — 199 _ 21 GeV, was consistent, however, with the CDF result. Subsequent 
running at the Tevatron Collider enabled both experiments to observe additional top quark 
events and to reduce the uncertainty in the mass measurement. Their measurements in both 
dilepton and single lepton channels were in good agreement. The combined result from the 
two experiments for Run 1, m t — 174.3 ±5.1 GeV, had the smallest fractional error of any 
quark mass determination. 

The tt pairs are produced in two ways: qq — ► tt and gg — ► tt. Calculations show that 
at the Tevatron Collider, the former dominates. It is also possible to produce a single top 
quark through processes like ud — »■ W + —*■ tb, but these should not have passed the cuts 
imposed by the CDF and DO experiments. The predicted cross section for tt was about 
5-6 pb at the Tevatron Collider with */s =1.8 GeV. The cross sections measured by CDF 

-4-17 

and DO in Run 1 were near this, 6.5 _ 14 pb and 5.9 ± 1.7 pb. 

The energy and luminosity of the Tevatron Collider were increased for Run 2, which 
began in 2001. By early 2008 more than 3 fb _1 had been collected and results were 
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Figure 14.1. The DO detector at the Fermilab Collider. Optimized for calorimetric measurements, 
DO nonetheless was able to observe the t quark. [Courtesy DO Collaboration.] 



available for about 2 fb _1 , to be compared with 100 pb _1 in Run 1. The combined CDF 
and DO result for m, stood at 172.6 ± 1 .4 GeV. 

While the general agreement between the expected and measured cross sections and the 
conformity of the event structure to that anticipated from the Standard Model provides evi- 
dence that we do understand these processes, more exacting tests are needed to exclude 
exotic alternatives. The top quarks might, for example, be decay products of more mas- 
sive particles rather than directly produced themselves. Absent such a surprise, the t may 
seem the most mundane of all quarks. Because of its rapid decay it doesn't produce stable 
hadrons as do all other quarks. In the t the quark concept is reduced to its most fundamen- 
tal. Its interactions are for the most part described by perturbative QCD. 

But this may be an illusion. Does the very large mass of the t quark point to a special 
role? Is it an indication of some new interactions not enjoyed by the lighter quarks? 
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Exercises 

14.1 At quark decays into a b quark, whose momentum is measured, and W, which decays 
to pv. The momentum of the p is measured and the momentum of the v transverse 
to the beam direction, p v , is inferred from the missing transverse momentum in the 
event. If the transverse and longitudinal components of the muon momentum are p^j_ 
and p^w, find the two possible values of the longitudinal momentum of the v. When 
is there no solution for the longitudinal momentum of the vl Do not assume that the 
mass of the t quark is known. 

14.2 The coupling of the t , b, and W is described by 

-^b~LY ■ Wt 

where bi — j(l — ys)b. Here b and t stand for the corresponding spinor fields and 
W for its field. The square of the decay matrix element can be shown (perhaps by the 
reader) to be 

g 2 

— [2p b -€ p,-€ - pb-pt e-e]. 

The polarization of the W is e, which obeys 

e ■ e — —1; e ■ pw — 0. 

The three polarizations of the W are given by two choices of three-vectors perpen- 
dicular to the momentum of the W (transverse polarization) and one choice with both 
a time component and a space component parallel to the momentum of the W. (In 
writing the square of the matrix element the polarization vector was assumed real so 
the tranverse polarizations must be linear.) Using the two-body decay formula 

and ignoring the mass of the b quark, confirm the formula in the text for the decay 
rate of the t. Show that the ratio of longitudinal to transverse Ws is i (mf/m^). 

Further Reading 

D. Chakraborty, J. Konigsberg, and D. Rainwater, Ann. Rev. Nucl. Part. Sci. 53, 301 
(2003). 
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We establish the existence of the top quark using a 67 pb~' data sample of pp collisions at 
-Js = 1.8 TeV collected with the Collider Detector at Fermilab (CDF). Employing techniques similar 
to those we previously published, we observe a signal consistent with tl decay to WWbb, but 
inconsistent with the background prediction by 4.8a-. Additional evidence for the top quark is 
provided by a peak in the reconstructed mass distribution. We measure the top quark mass to be 
176 ± 8(stat) ± 10(syst) GeV/c 2 , and the tl production cross section to be 6.8-2:4 pb. 

PACS numbers: 14.65.Ha, 13.85.Qk, 13.85.Ni 

Recently the Collider Detector at Fermilab (CDF) Col- W boson decays into leptons and the other decays into 

laboration presented the first direct evidence for the quarks. To suppress background in the lepton + jets 

top quark [1J, the weak isodoublet partner of the b mode, we identify b quarks by reconstructing secondary 

quark required in the standard model. We searched vertices from b decay (SVX tag) and by finding addi- 

for tl pair production with the subsequent decay tl — » tional leptons from b semileptonic decay (SLT tag). In 

WbWb. The observed topology in such events is deter- Ref. [1 j we found a 2.8«x excess of signal over the expec- 

mined by the decay mode of the two W bosons. Dilep- tation from background. The interpretation of the excess 

ton events (e/x, ee, and /x/x) are produced primarily as top quark production was supported by a peak in the 

when both W bosons decay into ev or yv. Events in mass distribution for fully reconstructed events. Addi- 

the lepton + jets channel (e, ft + jets) occur when one tional evidence was found in the jet energy distributions 
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in lepton + jets events |2|, An upper limit on the ft pro- 
duction cross section has been published by the DO Col- 
laboration [3]. 

We report here on a data sample containing 19 pb~ l 
used in Ref. [ 1 1 and 48 pb ' from the current Fermilab 
Collider run, which began early in 1994 and is expected 
to continue until the end of 1995. 

The CDF consists of a magnetic spectrometer sur- 
rounded by calorimeters and muon chambers [4], A new 
low-noise, radiation -hard, four-layer silicon vertex detec- 
tor, located immediately outside the beampipe, provides 
precise track reconstruction in the plane transverse to the 
beam and is used to identify secondary vertices from b 
and c quark decays |5J. The momenta of eharged par- 
ticles are measured in the central tracking chamber (CTC), 
which is in a 1.4 T superconducting solenoidal magnet. 
Outside the CTC, electromagnetic and hadronic calorime- 
ters cover the pseudorapidity region |ij| < 4.2 [6] and 
are used to identify jets and electron candidates. The 
calorimeters are also used to measure the missing trans- 
verse energy &-, which can indicate the presence of unde- 
tected energetic neutrinos. Outside the calorimeters, drift 
chambers in the region |tj| < 1.0 provide muon identifi- 
cation. A three-level trigger selects the inclusive electron 
and muon events used in this analysis. To improve the ft 
detection efficiency, triggers based on $j are added to the 
lepton triggers used in Ref, [I]. 

The data samples for both the dilepton and lep- 
lou ■ jets analyses are subsets ol ■• sample of Inch-/'/ in- 
clusive lepton events that contain an isolated electron with 
Et > 20 CeV or an isolated muon with Py > 20 GeV/c 
in the central region (\rj\ < 1.0). Events which con- 
tain a second lepton candidate are removed as possible 
Z bosons if an ee or /a/a invariant mass is between 75 and 
105 GeV/c". For the lepton +■ jets analysis, an inclusive 
W boson sample is made by requiring $■,■ > 20 GeV, Ta- 
ble I classifies the IV events by the number of jets with 
observed E T > 15 GeV and |rj| < 2.0. The dilepton sam- 
ple consists of inclusive lepton events that also have a sec- 
ond lepton with Py > 20 GeV/f.-, satisfying looser lepton 
identification requirements. The two leptons must have 
opposite electric charge. 

The primary method for linding top quarks in the 
lepton H- jets channel is to search for secondary vertices 



TABLE I. Number of lepton + jet events in the 67 ph ■ data 
sample along with the numbers of SVX tags observed and the 
estimated background. Based on the excess numher of tags in 
events with ^3 jets, we expect an additional 0.5 and 5 tags 
from iT decay in the 1- and 2-jel bins, respectively. 





Observed 


Observed 


Background 


#ja 


events 


SVX tags 


tags expected 


1 


6578 


40 


50 ± 12 


2 


1026 


34 


21.2 S 6,5 


3 


164 


17 


5.2 ± 1.7 


a4 


39 


10 


1.5 ± 0.4 



from h quark decay (SVX tagging). The vertex -finding 
efficiency is significantly larger now than previously 
due to an improved vertex-finding ttlgorithm and the 
performance of the new vertex detector. The previous 
vertex-finding algorithm searched for a secondary vertex 
with two or more tracks. The new algorithm first searches 
for vertices with three or more tracks with looser track 
requirements, and if that fails, searches for two-track, 
vertices using more stringent track and vertex quality 
criteria. The efficiency for tagging a b quark is measured 
in inclusive electron and muon samples which are en- 
riched in b decays. The ratio of the measured efficiency 
to the prediction of a detailed Monte Carlo simulation is 
0.96 ± 0.07, with good agreement (±2%) between the 
electron and muon samples. The efficiency for tagging at 
least one b quark in a tl event with a3 jets is determined 
from Monte Carlo simulation to be (42 — 5)% in the 
current run. compared to the (22 ± 6)% reported in the 
previous publication [7], In this Letter we apply the new 
vertex -fin ding algorithm to the data from the previous and 
the current runs. 

In Ref [I J, we presented two methods for estimating 
the background to the top quark signal. In method 3 , the 
observed tag rate in inclusive jet samples is used to eal- 
culate the background from mistags and QCD-produccd 
heavy quark pairs (bb and cc) recoiling against a W bo- 
son. This is an overestimate of the background because 
there are sources of heavy quarks in an inclusive jet sam- 
ple that are not present in W -f jet events. In method 2. 
the mislag rale is again measured with inclusive jets, 
while the fraction of W + jet events that are Wbli and 
Wcc is estimated from a Monte Carlo sample, using mea- 
sured tagging efficiencies. In the present analysis, we use 
method 2 as the best estimate of the SVX-lag background. 
The improved performance of the new vertex detector, our 
ability to simulate its behavior accurately, and the agree- 
ment between the prediction and data in the W + I -jet 
and W + 2-jet samples make this the natural choice. The 
calculated background, including the small contributions 
from non-W background, Wc production, and vector bo- 
son pair production, is given in Table 1, 

The numbers of SVX tags in the 1-jet and 2-jet 
samples are consistent with the expected background plus 
a small tl contribution (Tabic I and Fig. I ). However, 
for the W+ ^3-jet signal region, 27 tags are observed 
compared to a predicted background of 6,7 ± 2,1 tags 
[8]. The probability of the background fluctuating to 
Sr27 is calculated to be 2 x It) - ' 5 (see Table 11) using 
the procedure outlined in Ref. [1] (see |9]). The 27 
tagged jets arc in 21 events; the six events with two 
tagged jets can be compared with four expected for 
the top + background hypothesis and £ I for background 
alone. Figure 1 also shows the decay lifetime distribution 
for the SVX tags in W+ s3-jet events. It is consistent 
with the distribution predicted for b decay from the u 
Monte Carlo simulation. From the number of SVX- 
tagged events, ihe estimated background, the calculated 
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FIG. 1. Number of events before SVX tagging (circles), 
number of tags observed (triangles), and expected number of 
background tags (hatched) versus jet multiplicity. Based on 
the excess number of tags in events with ^3 jets, we expect 
an additional 0.5 and 5 tags from it decay in the 1- and 2 -jet 
bins, respectively. The inset shows the secondary vertex proper 
time distribution for the 27 tagged jets in the W + ^3-jet data 
(triangles) compared to the expectation for b quark jets from 
it decay. 



ft acceptance, and the integrated luminosity of the data 
sample, we calculate the ft production cross section to be 
6.8-24 pb, where the uncertainty includes both statistical 
and systematic effects. This differs from the cross section 
given in Ref. [1 J by 6.9 ± 5.9 pb. 

The second technique for tagging b quarks (SLT 
tagging) is to search for an additional lepton from 
semileptonic b decay. Electrons and muons are found by 
matching CTC tracks with electromagnetic energy clusters 
or tracks in the muon chambers. To maintain acceptance 
for leptons coming directly from b decay and from the 
daughter c quark, the P T threshold is kept low (2 GeV/c). 
The only significant change to the selection algorithm 
compared to Ref. [J] is that the fiducial region for SLT 
muons has been increased from \rj\ < 0.6 to \rf\ < 1.0, 
resulting in an increase of the SLT total acceptance and 
background by a factor of 1 .2. 

The major backgrounds in the SLT analysis are hadrons 
that are misidentified as leptons, and electrons from 
unidentified photon conversions. These rates and the 
smaller Wbb and Wcc backgrounds are determined di- 

TABLE II. The number of tags or events observed in the 
three channels along with the expected background and the 
probability that the background would fluctuate to the observed 
number or more. 



Channel 



SVX 



SLT 



Dilepton 



Observed 27 tags 

Expected background 6.7 ± 2.1 

Background probability 2 X 10" 5 



23 tags 6 events 

15.4 ± 2.0 1.3 ± 0.3 
6 X 10 2 3 X 10 3 



rectly from inclusive jet data. The remaining backgrounds 
are much smaller and are calculated using the techniques 
discussed in Ref. [lj. The efficiency of the algorithm is 
measured with photon conversion and J/tp — * /£/£ data. 
The probability of finding an additional e or /x in a tl 
event with 2:3 jets is (20 ± 2)%. Table II shows the 
background and number of observed tags for the signal 
region (W+ >3 jets). There are 23 tags in 22 events, with 
15.4 ± 2.0 tags expected from background. Six events 
contain both an SVX and SLT tag, compared to the 
expected four for top + background and one for back- 
ground alone. 

The dilepton analysis is very similar to that previously 
reported [I], with slight modifications to the lepton 
identification requirements to make them the same as 
those used in the single lepton analysis. The dilepton 
data sample, described above, is reduced by additional 
requirements on $ T and the number of jets. In order to 
suppress background from Drell-Yan lepton pairs, which 
have little or no true $ T , the $ T is corrected to account 
for jet energy mismeasurement [1]. The magnitude of the 
corrected $ T is required to be at least 25 GeV and, if $ T 
is less than 50 GeV, the azimuthal angle between the $ T 
vector and the nearest lepton or jet must be greater than 
20°. Finally, all events are required to have at least two 
jets with observed E r > 10 GeV and I77I < 2.0. 

The major backgrounds are Drell-Yan lepton pairs, 
Z — * tt, hadrons misidentified as leptons, WW, and bb 
production. We calculate the first three from data and the 
last two with Monte Carlo simulation [1]. As is shown 
in Table II, the total background expected is 1.3 ± 0.3 
events. We observe a total of seven events, 5 e^. and 
2 /x/a. The relative numbers are consistent with our 
dilepton acceptance, 60% of which is in the e/x channel. 
Although we estimated the expected background from 
radiative Z decay to be small (0.04 event), one of the 
/a/x events contains an energetic photon with a /x/xy 
invariant mass of 86 GeV/c 2 . To be conservative, we 
removed that event from the final sample, which thus 
contains six events. Three of these events contain a total 
of five b tags, compared with an expected 0.5 if the 
events are background. We would expect 3.6 tags if the 
events are from tl decay. When the requirement that 
the leptons have opposite charge is relaxed, we find one 
same-sign dilepton event (e/x) that passes all the other 
event selection criteria. The expected number of same- 
sign events is 0.5, of which 0.3 is due to background and 
0.2 to ft decay. 

In summary, we find 37 ^-tagged W+ ^3-jet events 
flO] that contain 27 SVX tags compared to 6.7 ± 2.1 ex- 
pected from background and 23 SLT tags with an esti- 
mated background of 15.4 ± 2.0. There are six dilepton 
events compared to 1 .3 ± 0.3 events expected from back- 
ground. We have taken the product (P) of the three proba- 
bilities in Table II and calculated the likelihood that a 
fluctuation of the background alone would yield a value 
of P no larger than that which we observe. The result 
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is 1 X 10~ 6 . which is equivalent to a 4.8rr deviation in a 
Gaussian distribution | I I | Based on the excess number 
of SVX-laggcd events, we expect an excess of 7.8 SLT 
tags and 3.5 dilcpton events from il production, in good 
agreement with the observed numbers. 

We performed a number of cheeks of this analysis. 
A good control sample for b tagging is Z + jet events, 
where no top contribution is expected. We observe 1 5, 
3, and 2 tags <SVX and SLT) in the Z + I -jet, 2- 
jel, and &3-jel samples, respectively, compared with the 
background predictions of 17.5, 4.2, and 1.5. The excess 
over background that was seen in Ref. 1 1 J is no longer 
present. In addition, there is no discrepancy between 
the measured and predicted W + 4-jet background, in 
contrast to a small deficit described in Rcf. [I] (see [ 12]). 

Single-lepton events with four or more jets can be 
kinematically reconstructed to the ri —• WbWb hypothe- 
sis, yielding for each event an estimate of the lop quark 
mass [1J. The leplon, neutrino ($r)* and the tour highest- 
E T jets are assumed to be the tl daughters (13]. There 
arc multiple solutions, due to both the quadratic ambi- 
guity in determining the longitudinal momentum of the 
neutrino and the assignment of jets to the parent W*s and 
6's. For each event, the solution with the lowest fit x 2 is 
chosen. Starting with the 203 events with S3 jets, we re- 
quire each event to have a fourth jet with Ej- > R GeV 
and 1 7? | < 2.4. This yields a sample of 99 events, of 
which 88 pass a loose x 2 requirement on the fit. The 
mass distribution for these events is shown in Fig, 1. The 
distribution is consistent with the predicted mix of ap- 
proximately 30% t'i signal and 70% W + jets background. 
The Monte Carlo background shape agrees well with that 
meaured in a limited-statistics sample of 7. + 4-jet events 




Uffl 120 140 160 180 :•!>:■ 220 240 Z60 280 
Reconstructed Mass (GcV/c 5 ) 

FIG- 2. Reconstructed mass distribution for 1hc W ■ *4-jl'1 
sample prior to b tagging {solid). Also shown is the back- 
ground distribution (shaded) with The normalization constrained 
to the calculated value. 



as well as in a QCD sample selected to approximate non- 
W background. After requiring an SVX or SLT b tag, 
19 of the events remain, of which 6.9-f;lj are expected 
to be background. For these events, only solutions in 
which the tagged jet is assigned to one of the b quarks- 
are considered. Figure 3 shows the mass distribution for 
the tagged events. The mass distribution in the current 
run is very similar to that from the previous run. Further- 
more, we employed several mass fitting techniques which 
give nearly identical results. 

To find the most likely top mass, we fit the mass 
distribution to a sum of the expected distributions from 
the W 4- jets background and a lop quark of mass M utp 
[[]. The -ln(liklihood) distribution from the fit is shown 
in the Fig. 3 inset. The best fit mass is 176 GeV/c 2 
with a ±8 GeV/c 2 statistical uncertainty. We make a 
conservative extrapolation of the systematic uncertainly 
from our previous publication, giving M,<,p = 176 ± 8 ± 
10 GeV/e 2 . Further studies of systematic uncertainties 
are in progress. 

The shape of the mass peak in Fig, 3 provides addi- 
tional evidence for top quark production, since the number 
of observed b tags is independent of the observed mass 
distribution. After including systematic effects in the pre- 
dicted background shape, we find a 2 x 10" ! probability 
that the observed mass distribution is consistent with the 
background (Kolmogorov-Stmmov test). This is a con- 
servative measure because it does not explicitly take into 
account the observed narrow mass peak. 

In conclusion, additional data confirm the top quark 
evidence presented in Ref. [1]. There is now a large 




> 
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60 170 if* 190 
Top Mass (GeV/c ] 



SO 100 120 140 160 ISO 200 220 240 2ft} 2«0 

Reconstructed Mass (GeV/c 2 ) 

FIG- 3- Reconstructed mass distribution Tor the b-taggedl 
W+ ^4-jcl events (solid). Also shown are the background 
shape {dotted} and the sum of background plus rl Monte 
Carlo simulations tor A/, op = 175 GeV/c J (dashed)* with the 
background constrained to the calculated value. 6,9 'ji events. 
The inset shnws the likelihood fit used to determine the lop 
mass. 
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excess in the signal that is inconsistent with the back- 
ground prediction by 4.8o-, and a mass distribution with 
a 2 X 10~ 2 probability of being consistent with the back- 
ground shape. When combined, the signal size and mass 
distribution have a 3.7 X 10 7 probability of satisfying 
the background hypothesis (5. Oct). In addition, a substan- 
tial fraction of the jets in the dilepton events are b tagged. 
This establishes the existence of the top quark. The 
preliminary mass and cross section measurements yield 
Mtop - 176 ± 8 ± 10 GeV/c 2 and or, = 6.8-15 pb. 
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tags. 
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the SVX and dilepton channels, the two low background 
modes, we obtain a probability of 1.5 X 10 " 6 . 

[12] The improved agreement is due to the smaller ft produc- 
tion cross section obtained in this analysis as well as cor- 
recting an overestimate in Ref. [ 1 1 in the Monte Carlo 
background prediction. 

[ 1 3] The jet energies used in the mass fitting have 
been corrected for instrumental and fragmentation 
effects. 



2631 



428 Ref. 14.3: Observation of the Top Quark 

Volume 74, Number 14 PHYSICAL REVIEW LETTERS 3 April 1995 

Observation of the Top Quark 

S. Abachi, 12 B. Abbott, 33 M. Abolins, 23 B.S. Acharya, 40 I. Adam, 10 D. L. Adams, 34 M. Adams, 15 S. Ahn, 12 H. Aihara, 20 

J. Alitti, 36 G. Alvarez, 16 G. A. Alves, 8 E. Amidi, 27 N. Amos, 22 E.W. Anderson, 17 S.H. Aronson, 3 R. Astur, 38 R.E. 

Avery, 29 A. Baden, 21 V. Balamurali, 30 J. Balderston, 14 B. Baldin, 12 J. Banlly, 4 J. F. Bartlett, 12 K. Bazizi, 7 J. Bendich, 2 " 

S. B. Beri, 31 I. Bertram, 34 V. A. Bezzubov, 32 P.C. Bhat, 12 V. Bhatnagar, 31 M. Bhattacharjee," A. Bischoff, 7 

N. Biswas, 30 G. Blazey, 12 S. Blessing, 13 A. Boehnlein, 12 N.I. Bojko, 32 F. Borcherding, 12 J. Borders, 35 C. Boswell, 7 

A. Brandt, 12 R. Brock, 23 A. Bross, 12 D. Buchholz, 29 V.S. Burtovoi, 32 J. M. Butler, 12 D. Casey, 35 H. Castilla-Valdez, 9 

D. Chakraborty, 38 S.-M. Chang, 27 S. V. Chckulaev, 32 L.-P. Chen, 20 W. Chen, 38 L. Chevalier, 36 S. Chopra, 31 B.C. 

Choudhary, 7 J. H. Christenson, 12 M. Chung, 15 D. Claes, 38 A. R. Clark, 20 W.G. Cobau, 21 J. Cochran, 7 W. E. Cooper, 12 

C. Cretsinger, 35 D. Cullen-Vidal, 4 M. Cummings, 14 D. Cutts, 4 O. I. Dahl, 20 K. De, 41 M. Demarteau, 12 R. Demina, 27 

K. Denisenko, 12 N. Denisenko, 12 D. Denisov, 12 S. P. Denisov, 32 W. Dharmaratna, 13 H.T. Diehl, 12 M. Diesburg, 12 G. Di 

Loreto, 23 R. Dixon, 12 P. Draper, 41 J. Drinkard, 6 Y. Ducros, 36 S. R. Dugad, 40 S. Durston-Johnson, 35 D. Edmunds, 23 A. O. 

Efimov, 32 J. Ellison, 7 V. D. Elvira, 12 * R. Engelmann, 38 S. Eno, 21 G. Eppley, 34 P. Ermolov, 24 O. V. Eroshin, 32 V.N. 

Evdokimov, 32 S. Fahey, 23 T. Fahland, 4 M. Fatyga, 3 M. K. Fatyga, 35 J. Featherly, 3 S. Feher, 38 D. Fein, 2 T. Ferbel, 35 

G. Finocchiaro, 38 H. E. Fisk,' 2 Yu. Fisyak, 24 E. Flattum, 23 G. E. Forden, 2 M. Fortner, 28 K. C. Frame, 23 P. Franzini, 10 

S. Fredriksen, 39 S. Fuess, 12 A.N. Galjaev, 32 E. Gallas, 41 C. S. Gao, 12t S. Gao, 12t T.L. Geld, 23 R.J. Genik II, 23 
K. Genser, 12 C. E. Gerber, 12 * B. Gibbard, 3 M. Glaubman, 27 V. Glebov, 35 S. Glenn, 5 J.F. Glicenstein, 36 B. Gobbi, 29 
M. Goforth, 13 A. Goldschmidt, 20 B. Gomez, 1 P.I. Goncharov, 32 H. Gordon, 3 L.T. Goss, 42 N. Graf, 3 P. D. Grannis, 38 
D.R. Green, 12 J. Green, 28 H. Greenlee, 12 G. Griffin, 6 N. Grossman, 12 P. Grudbcrg, 20 S. Griinendahl, 35 J. A. Guida, 38 

J.M. Guida, 3 W. Guryn, 3 S.N. Gurzhiev, 32 Y.E. Gutnikov, 32 N.J. Hadley, 21 H. Haggerty, 12 S. Hagopian, 13 
V. Hagopian, 13 K. S. Hahn, 35 R.E. Hall, 6 S. Hansen, 12 R. Hatcher, 23 J.M. Hauptman, 17 D. Hedin, 28 A. P. Heinson, 7 

U. Heintz, 12 R. Hernandez-Montoya," T. Heuring, 13 R. Hirosky, 13 J.D. Hobbs, 12 B. Hoenciscn, 1 - 5 J. S. Hoftun, 4 

F. Hsieh, 22 Ting Hu, 38 Tong Hu,' 6 T. Huehn, 7 S. Igarashi, 12 A. S. Ito, 12 E. James, 2 J. Jaqucs, 30 S. A. Jerger, 23 J. Z.-Y. 

Jiang, 38 T. Joffe-Minor, 29 H. Johari, 27 K. Johns, 2 M. Johnson, 12 H. Johnstad, 39 A. Jonckhcere, 12 H. Jostlein, 12 S. Y. 

Jun, 29 C. K. Jung, 38 S. Kahn, 3 J. S. Kang, 18 R. Kehoe, 30 M. Kelly, 30 A. Kcrnan, 7 L. Kerth, 20 C. L. Kim, 18 S. K. Kim, 37 

A. Klatchko, 13 B. Klima, 12 B.I. Klochkov, 32 C. Klopfenstein, 38 V.I. Klyukhin, 32 V.I. Kochetkov, 32 J.M. Kohli, 31 

D. Koltick, 33 A. V. Kostritskiy, 32 J. Kotcher, 3 J. Kourlas, 26 A.V. Kozelov, 32 E.A. Kozlovski, 32 M. R. Krishnaswamy, 40 

S. Krzywdzinski, 12 S. Kunori, 21 S. Lami, 38 G. Landsberg, 38 R.E. Lanou, 4 J-F. Lebrat, 36 J. Lee-Franzini, 38 A. Leflat, 24 

H. Li, 38 J. Li, 41 Y. K. Li, 29 Q. Z. Li-Demarteau, 12 J. G. R. Lima, 8 D. Lincoln, 22 S.L. Linn, 13 J. Linnemann, 23 R. Lipton, 12 

Y.C. Liu, 29 F. Lobkowicz, 35 S.C. Loken, 20 S. Lokos, 38 L. Lueking, 12 A. L. Lyon, 21 A. K. A. Maciel, 8 R.J. Madaras, 20 

R. Madden, 13 I. V. Mandrichenko, 32 Ph. Mangeot, 36 S. Mani, 5 B. Mansoulie, 36 H.S. Mao, 12 * S. Margulies, 15 
R. Markeloff, 28 L. Markosky, 2 T. Marshall, 16 M.I. Martin, 12 M. Marx, 38 B. May, 29 A. A. Mayorov, 32 R. McCarthy, 38 
T. McKibben, 15 J. McKinley, 23 H. L. Melanson, 12 J. R. T. de Mello Neto, 8 K. W. Merritt, 12 H. Miettinen, 34 A. Milder, 2 

C. Milner, 39 A. Mincer, 26 J. M. de Miranda, 8 C. S. Mishra, 12 M. Mohammadi-Baarmand, 38 N. Mokhov, 12 N. K. 

Mondal, 40 H. E. Montgomery, 12 P. Mooncy, 1 M. Mudan, 26 C. Murphy, 16 C. T. Murphy, 12 F. Nang, 4 M. Narain, 12 V.S. 

Narasimham, 40 A. Narayanan, 2 H.A. Neal, 22 J. P. Negret, 1 E. Ncis, 22 P. Nemethy, 26 D. Nesic, 4 D. Norman, 42 

L. Oesch, 21 V. Oguri, 8 E. Oilman, 20 N. Oshima, 12 D. Owen, 23 P. Padley, 34 M. Pang, 17 A. Para, 12 C. H. Park, 12 

Y. M. Park, 19 R. Partridge, 4 N. Parua, 40 M. Patcrno, 35 J. Perkins, 41 A. Peryshkin, 12 M. Peters, 14 H. Piekarz, 13 

Y. Pischalnikov, 33 A. Pluquet, 36 V.M. Podstavkov, 32 B.C. Pope, 2 ' H. B. Prosper, 13 S. Protopopescu, 3 D. Puseljic, 2 " 

J. Qian, 22 P. Z. Quintas, 12 R. Raja, 12 S. Rajagopalan, 38 O. Ramirez, 15 M.V.S. Rao, 40 P. A. Rapidis, 12 L. Rasmussen, 38 

A.L. Read, 12 S. Reucroft, 27 M. Rijssenbeck, 38 T. Rockwell, 23 N. A. Roe, 20 J.M.R. Roldan, 1 P. Rubinov, 38 R. Ruchti, 30 

S. Rusin, 24 J. Rutherfoord, 2 A. Santoro, 8 L. Sawyer, 41 R. D. Schamberger, 38 H. Schellman, 29 D. Schmid, 39 J. Sculli, 26 

E. Shabalina, 24 C. Shaffer, 13 H. C. Shankar, 40 R. K. Shivpuri, 11 M. Shupe, 2 J. B. Singh, 31 V. Sirotenko, 28 W. Smart, 12 

A. Smith, 2 R.P. Smith, 12 R. Snihur, 29 G.R. Snow, 25 S. Snyder, 38 J. Solomon, 15 P.M. Sood, 31 M. Sosebec, 41 M. Sou/a, 8 

A.L. Spadafora, 20 R.W. Stephens, 41 M. L. Stevenson, 20 D. Stewart, 22 F. Stocker, 39 D. A. Sloianova, 32 D. Stoker, 6 

K. Streets, 26 M. Strovink, 20 A. Taketani, 12 P. Tamburcllo, 21 J. Tarazi, 6 M. Tartaglia, 12 T.L. Taylor, 29 J. Teiger, 36 

J. Thompson, 21 T. G. Trippe, 20 P. M. Tuts, 10 N. Varclas, 23 E. W. Vames, 20 P. R. G. Virador, 20 D. Vititoe, 2 A. A. 

Volkov, 32 E. von Goeler, 27 A. P. Vorobiev, 32 H. D. Wahl, 13 J. Wang, 121 L. Z. Wang, 12 - 1 J. Warchol, 30 M. Wayne, 30 

H. Weerts, 23 W. A. Wenzel, 20 A. White, 41 J.T. White, 42 J. A. Wightman, 17 J. Wilcox, 27 S. Willis, 28 S.J. Wimpenny, 7 



2632 0031-9007/95/74(14)/2632(6)$06.00 © 1995 The American Physical Society 



S. Abachi et al. 429 

VOLUME74, Number 14 PHYSICAL REVIEW LETTERS 3 April 1995 

J. V.D. Wirjawan, 42 Z. Wolf, 39 J. Womersley, 12 E. Won, 35 D.R. Wood, 12 H. Xu, 4 R. Yamada, 12 P. Yamin, 3 

C. Yanagisawa, 3s J. Yang, 26 T. Yasuda, 27 C. Yoshikawa, 14 S. Youssef, 13 J. Yu, 35 Y. Yu, 37 Y. Zhang,' 2 ' Y. H. 

Zhou, 12 -* Q. Zhu, 26 Y.S. Zhu, 12 ' 1 " Z. H. Zhu, 35 D. Zieminska, 16 A. Zieminski, 16 A. Zinchenko, 17 and A. Zylberstejn 36 

(DO Collaboration) 

1 Universidad de los Andes, Bogota, Colombia 

2 University of Arizona, Tucson, Arizona 85721 

3 Brookhaven National Laboratory, Upton, New York 11973 

A Brown University, Providence, Rhode Island 02912 

5 University of California, Davis, California 95616 

6 University of California, Irvine, California 92717 

1 University of California, Riverside, California 92521 

% LAFEX, Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, Brazil 

9 Centre de Investigacion y de Estudios Avanzados, Mexico City, Mexico 

^Columbia University, New York, New York 10027 

11 Delhi University, Delhi, India 110007 

Fermi National Accelerator Laboratory, Batavia, Illinois 605/0 

™ Florida State University, Tallahassee, Florida 32306 

14 University of Hawaii, Honolulu, Hawaii 96822 

^University of Illinois, Chicago, Illinois 60680 

Xb lndiana University, Bloomington, Indiana 47405 

]1 lowa State University, Ames, Iowa 50011 

n Korea University, Seoul, Korea 

,y Kyungsung University, Pusan, Korea 

20 lMwrence Berkeley Laboratory, Berkeley, California 94720 

21 University of Maryland, College Park, Maryland 20742 

22 University of Michigan, Ann Arbor, Michigan 48109 

^Michigan State University, East Lansing, Michigan 48824 

24 Moscow State University, Moscow, Russia 

25 University of Nebraska, Lincoln, Nebraska 68588 

2t New York University, New York, New York 10003 

21 Northeastern University, Boston, Massachusetts 02115 

2K Northern Illinois University, DeKalb, Illinois 601 15 

29 Northwestern University, Evanston, Illinois 60208 

30 University of Notre Dame, Notre Dame, Indiana 46556 

^University of Punjab, Chandigarh 16-00-14, India 

^Institute for High Energy Physics, 142-284 Protvino, Russia 

^Purdue University, West Lafayette, Indiana 47907 

u Rice University, Houston, Texas 77251 

^University of Rochester, Rochester, New York 14627 

^Commissariat a VEnergie Atomique, DAPNIA/ 'Service de Physique des Particules, 

Centre d' Etudes de Saclay, Saclay, France 

37 Seoul National University, Seoul, Korea 

M State University of New York, Stony Brook, New York 11794 

^Superconducting Super Collider Laboratory, Dallas, Texas 75237 

m Tata Institute of Fundamental Research, Colaba, Bombay 400005, India 

4 ' University of Texas, Arlington, Texas 76019 

42 Texas A&M University, College Station, Texas 77843 

(Received 24 February 1995) 

The DO Collaboration reports on a search for the standard model top quark in pp collisions at 
yfs = 1.8 TeV at the Fermilab Tevatron with an integrated luminosity of approximately 50 ph '. We 
have searched for tt production in the dileplon and single-lepton decay channels with and without 
tagging of 6-quark jets. We observed 17 events with an expected background of 3.8 ± 0.6 events. The 
probability for an upward fluctuation of the background to produce the observed signal is 2 X 10~" 6 
(equivalent to 4.6 standard deviations). The kinematic properties of the excess events are consistent 
with top quark decay. We conclude that we have observed the top quark and measured its mass to be 
199-2? (stat) ±22 (syst) GeV/c 2 and its production cross section to be 6.4 ± 2.2 pb. 

PACS numbers: 14.65. Ha, l3.85.Qk, 13.85.Ni 



2633 



430 
Volume 74, Number 14 



Ref. 14.3: Observation of the Top Quark 
PHYSICAL REVIEW LETTERS 



3 April 1995 



In the standard model (SM), the top quark is the weak 
isospin partner of the b quark. The DO Collaboration 
published a lower limit on the mass of the top quark of 
131 GeV/c 2 , at a confidence level (C.L.) of 95%, based 
on an integrated luminosity of 13.5 pb~' [1]. A subse- 
quent publication [2] reported the top quark production 
cross section as a function of the assumed top quark mass. 
In that analysis, we found nine events with an expected 
background of 3.8 ± 0.9 events (statistical significance 
1.9 standard deviations) corresponding to a production 
cross section of 8.2 ± 5.1 pb for an assumed top quark 
mass of 180 GeV/c 2 . The Collider Detector at Fermi- 
lab (CDF) Collaboration published evidence for top quark 
production with a statistical significance of 2.8 standard 
deviations, a top quark of mass 174 ± lOl'l GeV/c 2 , 
and a production cross section of 13,9-J;J pb [3]. Pre- 
cision electroweak measurements predict a SM top quark 
mass of approximately 150—210 GeV/c 2 , depending on 
the mass of the Higgs boson [4]. In the present Letter, 
we report new results from the DO experiment that firmly 
establish the existence of the top quark. 

We assume that the top quark is pair produced and de- 
cays according to the minimal SM (i.e., il — > W + W~bb). 
We searched for the top quark in channels where both W 
bosons decayed leptonically (e/x + jets, ee + jets, and 
/x/x + jets) and in channels where just one W boson 
decayed leptonically (e + jets and /x + jets). The single- 
lepton channels were subdivided into ^-tagged and un- 
tagged channels according to whether or not a muon was 
observed consistent with b — • /x + X. The muon-tagged 
channels are denoted e + jets/^t and /x + jets/^u. 

Here we present an analysis based on data collected 
at the Fermilab Tevatron at ^fs — 1.8 TeV with an inte- 
grated luminosity of 44 — 56 pb~ l , depending on the chan- 
nel. In the present analysis, the signal-to-background 
ratio for a high-mass top quark was substantially im- 
proved relative to Ref. [2]. An optimization of the selec- 
tion criteria was carried out using Monte Carlo top quark 
events for signal and our standard background estimates. 
The result of this procedure was a factor of 3.7 better 
background rejection while retaining 70% of the accep- 
tance for 180 GeV/c 2 top quarks. This corresponds to a 
signal-to-background ratio of 1:1 for a top quark mass of 
200 GeV/c 2 , assuming the expected SM top cross section 
[5]. The improved rejection arises primarily by requiring 
events to have a larger total transverse energy. 

The DO detector and data collection systems are de- 
scribed in Ref. [6]. The triggers and reconstruction algo- 
rithms for jets, electrons, muons, and neutrinos were the 
same as those used in our previous top quark searches [1,2]. 

The signature for the dilepton channels was defined as 
two isolated leptons, at least two jets, and large missing 
transverse energy $ T . The signature for the single-lepton 
channels was defined as one isolated lepton, large $r, and 
a minimum of three jets (with muon tag) or four jets (with- 
out tag). The minimum transverse momentum p T of tag- 



ging muons was 4 GeV/c. Requirements pertaining to 
the magnitude and direction of the $ T , the aplanarity of 
the jets JA, and the allowed ranges of pseudorapidity 77 
were similar to Ref. [2]. Muons were restricted to I77I < 
1 for the last 70% of the data because of forward muon 
chamber aging. Events in the jxjx + jets and jx + jets/^t 
channels were required to be inconsistent with the Z + jets 
hypothesis, based on a global kinematic fit. The principal 
difference between the present analysis and the analysis 
of Ref. [2] was the imposition of a minimum requirement 
in all channels on a quantity H T , which we defined as the 
scalar sum of the transverse energies E T of the jets (for 
the single-lepton and /x/x + jets channels) or the scalar 
sum of the E T 's of the leading electron and the jets (for 
the e/x + jets and ee + jets channels). The kinematic re- 
quirements for our standard event selection for all seven 
channels are summarized in Table I. In addition to the 
standard selection, we defined a set of loose event selec- 
tion requirements, which differed from the standard set by 
the removal of the H T requirement and by the relaxation of 
the aplanarity requirement for e + jets and /x + jets from 
J3. > 0.05 to JK > 0.03. 

For the dilepton channels, the main backgrounds were 
from Z and continuum Drell-Yan production (Z, y* — * 
ee,/x/x, and tt), vector boson pairs (WW, WZ), heavy 
flavor (bb and ee) production, and backgrounds with jets 
misidentified as leptons. For the single-lepton channels, 
the main backgrounds were from W + jets, Z + jets, and 
multijet production with a jet misidentified as a lepton. 
The method for estimating these backgrounds was the 
same as in our previously published analyses [1,2]. 

H T is a powerful discriminator between background and 
high-mass top quark production. Figure 1 shows a com- 
parison of the shapes of the H T distributions expected 
from background and 200 GeV/c 2 top quarks in the chan- 
nels (a) e/x + jets and (b) untagged single-lepton + jets. 
We tested our understanding of background H T distribu- 
tions by comparing data and calculated background in 
background-dominated channels such as electron + two 
jets and electron + three jets (Fig. 2). The observed 
Hj distribution agrees with the background calculation, 
which includes contributions from both W + jets as calcu- 



TABLE I. Minimum kinematic requirements for the standard 
event selection (energy in GeV). 





Leptt 


ans 


Jets 




& 


H T 




Channel 


Er(e) 


Pt(v-) 


Nt*, 


E T 


A 


epx + jets 


15 


12 


2 


15 


20 


120 




ee + jets 


20 




2 


15 


25 


120 




fifi + jets 




15 


2 


15 




100 




e + jets 


20 




4 


15 


25 


200 


0.05 


fi + jets 




15 


4 


15 


20 


200 


0.05 


e + jets//t 


20 




3 


20 


20 


140 




It + jets//i 




15 


3 


20 


20 


140 
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0 200 400 0 200 400 

H T (GeV) 

FIG. 1. Shape of H T distributions expected for the principal 
backgrounds (dashed line) and 200 GeV/c 2 top quarks (solid 
line) for (a) efx + jets and (b) untagged single-lepton + jets. 




400 0 200 400 

H T (GeV) 

FIG. 2. Observed H r distributions (points) compared to the 
distributions expected from background (line) for $ r > 
25 GeV/c and (a) e+ >2 jets and (b) e+ ==3 jets. 



lated by the vecbos Monte Carlo program [7] and multijet 
events. 

The acceptance for ft events was calculated using the 
isajet event generator [8] and a detector simulation based 
on the GEANT program [9]. As a check, the acceptance 
was also calculated using the herwig event generator [10]. 
The difference between ISAJET and herwig was included 
in the systematic error. 

From all seven channels, we observed 17 events with 
an expected background of 3.8 ± 0.6 events (see Table 11). 
The probability of an upward fluctuation of the background 
to 17 or more events is 2 X 10~ 6 , which corresponds to 
4.6 standard deviations for a Gaussian probability distribu- 
tion. Our measured cross section as a function of the top 
quark mass hypothesis is shown in Fig. 3. Assuming a top 
quark mass of 200 GeV/c 2 , the production cross section is 
6.3 ± 2.2 pb. The error in the cross section includes an 
overall 12% uncertainty in the luminosity. The cross sec- 
tion determined from the loose selection criteria is in good 
agreement with this value, demonstrating that the back- 
grounds are well understood. We calculated the probabil- 
ity for our observed distribution of excess events among 
the seven channels and find that our results are consistent 
with top quark branching fractions at the 53% C.L. Thus, 



we observe a statistically significant excess of events and 
the distribution of events among the seven channels is con- 
sistent with top quark production. 

Additional confirmation that our observed excess con- 
tains a high-mass object comes from the invariant masses 
of jet combinations in single-lepton + jets events. For 
this analysis, we selected single-lepton + four-jet events 
using the loose event selection requirements (27 events). 
An invariant mass analysis was performed, based on the 
hypothesis ft —> W + W~bb — > ivqqbb. One jet was as- 
signed to the semileptonically decaying top quark, and 
three jets were assigned to the hadronically decaying top 
quark. The jet assignment algorithm attempted to assign 
one of the two highest-£7- jets to the semileptonically de- 
caying top quark and to minimize the difference between 
the masses of the two top quarks. The invariant mass of 
the three jets assigned to the hadronically decaying top 
quark is denoted by m 3 j. Among the three possible jet 
pairs from the hadronically decaying top quark, the small- 
est invariant mass is denoted by m 2j . Figure 4 shows the 
distribution of my t vs m 2 j for (a) background (W + jets 
and multijet) (b) 200 GeV/c 2 top Monte Carlo simula- 
tion, and (c) data. The data are peaked at higher invariant 
mass, in both dimensions, than the background. Based 



TABLE 11. Efficiency X branching fraction (e x H) usinj 
((A')) in the seven channels, based on the central theoretical 
are the expected background, integrated luminosity, and the 



I standard event selection and the expected number of top quark events 
ft production cross section of Ref. [5], for four top masses. Also given 
number of observed events in each channel. 



m, (GeV/c 2 ) e/t + jets ee + jets jj./a + jets 



- jets 



/i + jets e + jets//i /i + jets//i 



All 



140 £ X 2 (%) 
(N) 

160 e x £ (%) 

(N) 

1 80 e X 2 (%) 

(N) 
200 e X 2 (%) 

(N) 



0.17 ± 0.02 
1.36 ± 0.21 
0.24 ± 0.02 
0.94 ±0.13 

0.28 ± 0.02 
0.57 ± 0.07 

0.31 ± 0.02 
0.34 ± 0.04 



0.11 ± 0.02 0.06 ± 0.01 

1.04 ± 0.19 0.46 ± 0.08 

0.15 ± 0.02 0.09 ± 0.02 

0.69 ± 0.12 0.34 ± 0.07 

0.17 ± 0.02 0.10 ± 0.02 

0.40 ± 0.07 0.19 ± 0.04 



0.50 ± 0.10 
4.05 ± 0.94 

0.80 ± 0.10 
3.13 ± 0.54 

1.20 ± 0.30 
2.42 ± 0.67 



0.33 ± 0.08 
2.47 ± 0.68 

0.57 ±0.13 
2.04 ± 0.53 



0.36 ± 0.07 
2.93 ± 0.68 

0.50 ± 0.08 
1.95 ± 0.39 



0.76 : 
1.41 : 



0.17 
0.36 



0.56 
1.14 : 



0.09 
0.22 



0.20 : 
0.25 



0.03 0.11 ± 0.02 
0.05 0.11 ± 0.02 



1.70 ± 0.20 0.96 ± 0.21 0.74 ±0.11 



0.20 ± 0.05 
1.48 ± 0.42 

0.25 ± 0.06 
0.92 ± 0.24 

0.35 ± 0.08 
0.64 ± 0.16 

0.41 ± 0.08 



13.80 ± 2.07 



10.01 



1.41 



6.77 ± 1.09 



0.31 0.95 ± 0.24 0.81 ± 0.16 0.41 ± 0.10 4.71 ± 0.66 



Background 


0.12 ± 0.03 


0.28 ± 0.14 


0.25 ± 0.04 


1.22 ± 0.42 


0.71 ± 0.28 


0.85 ±0.14 


0.36 ± 0.08 


3.79 ± 0.55 


f£dt(pb-') 


47.9 ± 5.7 


55.7 ± 6.7 


44.2 ± 5.3 


47.9 ± 5.7 


44.2 ± 5.3 


47.9 ± 5.7 


44.2 ± 5.3 




Data 


2 


0 


1 


5 


3 


3 


3 


17 
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140 



160 180 200 

Top Mass (GeV/c 2 ) 



220 



FIG. 3. DO measured it production cross section (solid line 
with one standard deviation error band) as a function of 
assumed top quark mass. Also shown is the theoretical cross 
section curve (dashed line) [5j. 

only on the shapes of the distributions, the hypothesis that 
the data are a combination of top quark and background 
events (60% C.L.) is favored over the pure background 
hypothesis (3% C.L.). 

To measure the top quark mass, single-lepton + four- 
jet events were subjected to two-constraint kinematic fits 
to the hypothesis ft — * W + W~bb — ► tvqqbb. Kinematic 
fits were performed on all permutations of the jet assign- 
ments of the four highest-fy jets, with the provision that 
muon-tagged jets were always assigned to a b quark in 
the fit. A maximum of three permutations with ^ 2 < 7 
(two degrees of freedom) were retained, and a single 
^ 2 -probability-weighted average mass ("fitted mass") was 
calculated for each event. Monte Carlo studies using the 
ISAJET and herwig event generators showed that the fitted 
mass was strongly correlated with the top quark mass. 
Gluon radiation, jet assignment combinatorics, and the 
event selection procedure introduced a shift in the fitted 
mass (approximately -20 GeV/r 2 for 200 GeV/c 2 top 
quarks), which was taken into account in the final mass 
determination. 

Eleven of the 14 single-lepton + jets candidate events 
selected using the standard cuts were fitted successfully. 
Figure 5(a) shows the fitted mass distribution. An un- 
binned likelihood fit, incorporating top quark and back- 
ground contributions, with the top quark mass allowed to 



(a) 



(b) 



(c) 





FIG. 4. Single-lepton + jets, two-jet vs three-jet invariant 
mass distribution for (a) background, (b) 200 GeV/r 2 top 
Monte Carlo simulation (ISAJET), and (c) data. 




200 



100 



200 



Fitted Mass (GeV/c ) 

FIG. 5. Fitted mass distribution for candidate events (his- 
togram) with the expected mass distribution for 199 GeV/c 2 top 
quark events (dotted curve), background (dashed curve), and the 
sum of top and background (solid curve) for (a) standard and 
(b) loose event selection. 



vary, was performed on the fitted mass distribution. The 
top quark contribution was modeled using ISAJET. The 
background contributions were constrained to be consis- 
tent with our background estimates. The likelihood fit 
yielded a top quark mass of 199^5 (stat) GeV/c 2 and de- 
scribed the data well. 

To increase the statistics available for the mass fit, and 
to remove any bias from the standard H T requirement, 
we repeated the mass analysis on events selected using 
the loose requirements. Of 27 single-lepton + four- 
jet events, 24 were fitted successfully. The removal of 
the H T requirement introduced a substantial background 
contribution at lower mass in addition to the top signal, 
as shown in Fig. 5(b). A likelihood fit to the mass 
distribution resulted in a top quark mass of 199-2? (stat) 
GeV/c 2 , consistent with the result obtained from the 
standard event selection. The result of the likelihood fit did 
not depend significantly on whether the normalization of 
the background was constrained. Using herwig to model 
the top quark contribution resulted in a mass 4 GeV/c 2 
below that found using isajet. This effect was included 
in the systematic error. The total systematic error in the 
top quark mass is 22 GeV/c 2 , which is dominated by the 
uncertainty in the jet energy scale (10%). 

In conclusion, we report the observation of the top 
quark. We measure the lop quark mass to be 199 + 2 i (stat) 
±22 (syst) GeV/c 2 and measure a production cross section 
of 6.4 ± 2.2 pb at our central mass. 
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15 

Mixing and CP Violation in Heavy Quark Mesons 



Testing the Standard Model with B, B s , and D. 



" r\r\r\ V tnarc* r>r\Y\ r\o mi vi nn rtot^i/o^in tri«. R" 



Just as for K and K , there can be mixing between the B and B mesons. In fact, this 

5° 



is possible for two distinct systems, the non-strange B®, — B° — bd and the strange 



B® — bs. If a B°B pair is created and both mesons decay semileptonically, the 5° would 
be expected to give a positive lepton (b — > cl + v) and the B a negative lepton. If there 
is B°~B mixing, it is possible that both leptons will have the same sign. An unfortunate 
background arises from the chain b — >• c — >• slv since the semileptonic decay of the c 
would give a lepton of the sign opposite that expected from a b decay. While some evidence 
for B° — B mixing was found by UA-1 at the SppS in the same-sign dilepton signal, clear, 
convincing evidence was first obtained in an e + e~ experiment. 

In 1987, the ARGUS Collaboration working at the T(45) (Ref. 15.1) found one example 
of T(4S) — »■ BjB®, as demonstrated by specific semileptonic decays, each with a posi- 
tive muon, and both described by B° — > D*~ jj, + v . Additional evidence for mixing was 
obtained by measuring the inclusive like-sign dilepton signal. A third independent mea- 
surement came from identifying complete B° decays and observing semileptonic decays 
of the accompanying meson. Finding a positive lepton opposite an identified B° is evi- 
dence for mixing. Combining the results of these measurements determined the ratio of 
wrong-sign decays to right-sign decays: rj — 0.21 ± 0.08. 

Because so many channels are open for B meson decay, it is reasonable to assume that 
the two eigenstates will have very similar lifetimes, quite unlike the situation for neutral 
K mesons. The result from Chapter 7 for the ratio of "wrong-sign" decays to "right-sign" 
decays then becomes 

x 2 
rd^-^, (15.1) 

2 + x 2 d 

where Xd — Am/ T and the d specifies B c t mesons. The ARGUS Collaboration revisited 
this measurement in 1992 with a data sample more than twice the size of the original one. 
Using much the same techniques, they confirmed the result with a refined determination: 
r d = 0.206 ± 0.070 or x = 0.72 ± 0.15. 
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15.1 Mixing and the CKM Model 

The mixing of B° and B is analogous to the mixing of K° and K and the mass eigenstates 
can be found by diagonalizing a matrix just like that considered in Chapter 7: 



(15.2) 



/ M — i— Mi? — ; \ 

2 2 

r* r 

i Mf 9 - / -^ M-i- , 
\ n 2 2 / 

Quite generally, the lighter and heavier mass eigenstates can be written 

\B L ) = p\B Q )+q\t), 

\B H ) = p\B 0 )- q \B°) 1 (15.3) 

where 

M* 2 -*T* 2 /2-M* 2 -|ri2 8 



©' 



Mi 2 - jTi 2 /2 - M12 - jri2 



(15.4) 



The mixing depends on the existence of common states to which both B and B can 
couple. The B° favors decays to states like Dtt, while the B prefers Dtt. Both however, 
can decay to DD, or to any state composed of cd cd, albeit as a CKM-suppressed decay. 
Similarly, they both can make virtual transitions to states containing tl. Mixing arises both 
from real and virtual transitions. 

Mixing of neutral mesons depends on both the quark masses and the Cabibbo-Kobayashi- 
Maskawa matrix. If the u , c, and t quarks were degenerate in mass, we could redefine them so 
that the d quark connected only to u, s only to c, and b only to t . Then the CKM matrix would 
be the unit matrix and there would be no intermediate quark states possible in Figure 15.1. The 
same would be true if the masses of the d, s, and b were degenerate. Mixing, then, depends criti- 
cally on quarkmass differences, emphasizing the importance of the heavy quarks. 

The measured values of the CKM matrix show that jumping from the first generation 
to the second is suppressed in amplitude by roughly X — 0.22, where X is the parameter 
introduced in Wolfenstein parameterization of the CKM matrix, Eq. (1 1.5), equivalent to 
the sine of the Cabibbo angle. A second-to-third generation amplitude is reduced by X 2 « 
0.05, while a first-to-third transition is suppressed by roughly X 3 « 0.01. 

The most conspicuous feature of K°-K mixing is the disparate lifetimes of the two 
mass eigenstates. For B mesons the lifetime difference is quite small and it is the oscil- 
lations reflecting Am that are predominant. The lifetime difference and thus T\2 can be 
neglected for Bj (but not for B s ). For B c \ mixing then we find that the light and heavy 
eigenmasses are 

r 

\i L =M-i-- IM12I, 

fiH = M-i- + \M n \, (15.5) 
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b u,c,t d 



w* >w 



d u,c,t b 

b u,c,t s 



w ?w 



s u,c,t b 

c d,s,b u 



W~ > IV + 



U d,s,b C 

Figure 15.1. Box diagrams showing how mixing occurs at the quark level for B, B s , and D mesons. 
Each diagram contributes in two ways: once with quarks as intermediate states and once with W 
bosons as intermediate states. If the u, c, and t quarks had identical masses, we could redefine the 
states so b coupled only to t, s only to c, and d only to u. There would then be no mixing. The 
value of the mixing diagrams thus depends on the differences of the quark masses and on the size 
of the CKM matrix elements that couple the quarks to the W bosons. For B mesons, the / quark 
contributions dominate. For D mesons, the couplings to the b quarks are small and the d and s quark 
contributions dominate. 

so that the mass splitting is Am = 2\Mn\- The eigenstates are 

1 / n \M l2 \ -0 \ 
72 V M l2 ) 



and they evolve simply 



\B L (t))=e- i(M -^ L -'? )t \B L ) 



\B H {t)) =e- i{fi+ ^- i ^ t \B H ). (15.7) 
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These states are analogous to Ki and K$, except that the lifetime difference is ignored. In 
Chapter 7 we saw that CP violation in mixing was due to the imaginary part of V\2/Mi2- 
Since we have neglected Ti2 in this approximation there is no CP violation in mixing 
itself, though mixing will contribute to visible CP violation in time-dependent decay rates. 
A state that at t — 0 is purely B°, will oscillate into B : 



Kky^= e 



-i(M-iT/2)t 



Am n |Afi2l Am — n 

cos 1 \B°) -i'—^-sin 1 \B ) 

2 ' ' Mi 2 2 ' ' 



while its counterpart behaves as 
K hy M)=e-« M -™ 



Am — o M12 Am 
cos 1 \B ) - i sin 1 \B 

2 \M U \ 2 



0\ 



(15.8) 



(15.9) 



A state that begins as a B° will produce semileptonic decays exponentially damped by 
e~ r ' , with the "right" sign modulated by cos 2 j Amt and with the "wrong" sign modulated 
by sin 2 jAmt. 



15.2 CP Violation 

The mixing of B° and B provides an opportunity to explore CP violation just as the 
analogous mixing in the neutral K system does. While it is also possible to measure CP 
violation by showing an inequality between the rate for B + decays to some state and B~ 
decays to the CP conjugate, decays of neutral B's can be analyzed more incisively. 

The presence of phases in the CKM matrix is the source of CP violation in the Stan- 
dard Model. These phases enter into decay matrix elements and into the mixing described 
by M12. In the Wolfenstein parameterization, Eq. (11.5), phases occur only in transitions 
between quarks of the first and third generation. One way to represent the CKM matrix 
is with the "unitarity triangle," shown in Figure 15.2. The three angles of this triangle at 
the vertices 0, 1, and p + irj are traditionally called a, /3, and y. The matrix element V u b 
corresponds to the transition b — s- u, while the Figure shows that V* b oc p + ir] and has the 
phase y. Thus the b — >■ u transition picks up the phase —y. Similarly, the transition d — ► t 
picks up the phase of V tc i oc 1 — p — it], which is — p. 



p+ii] 



V V 



v !d v, h 




0 l 

Figure 15.2. The unitarity triangle for B decays expresses the relation W uc \ V*. + V cc jV*, + V u \ V*, — 
0 in the complex plane. The angles a, fi, and y can be measured in the time dependence of B decays. 
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If a state that is initially B° decays at a later time into a final state /, there will be 
interference between the decay of the piece that has remained B° and the piece that has 
become B . The phase between the two interfering amplitudes will depend on the relative 
phases of (f\H\B°) and (f\H\B°) and on the phase of M n . 

Oscillations in the decay of a B to a CP eigenstate are especially interesting because 
(f\TC\B °) is then related to (f\Ti\B ) in a simple way. The weak interaction Hamilto- 
nian is made up of many pieces Tif. strangeness increasing, strangeness decreasing, charm 
increasing, charm decreasing, etc. Altogether the Hamiltonian must be Hermitian so that 
the theory will be unitary (conserving probability). If CP is conserved, the Hamiltonian 
takes the form 



« = I>,+I>J 



(15.10) 



where CPTLjCP — TV-.. On the other hand, if CP is violated, the CKM matrix introduces 
phases into the currents that make up the weak interaction. The current that raises one 
quantum number has a phase opposite that of the current that lowers that quantum number. 
The Hamiltonian then takes the form 



H = ^e"l > Wj + JV'^wJ 



(15.11) 



where each piece acquires its phase from a particular combination of CKM matrix ele- 
ments. The result then is that while CPTijCP — TV:, we see that, in general, CPTLCP ^ 
H. 

If one single part TCj of the weak Hamiltonian is responsible for the decay B° — ► / then 



(f\H\B°)={f\e i <t>Wj\B°) 
= r} f e 2i ^i{f\e-^ 



m)\lf) 



= {f\e i ' t ''CPTC)CP\B 0 } 
= ti f e**Hf\H\rf > ), 



(15.12) 



where r}t is the value of CP for the state /. 

Interference in the decay of a neutral B depends on the weak phases </>;, which come 
from the CKM matrix, and on the phase introduced by M\2- Mixing results from the pro- 
cesses shown in Figure 15.1. For M\2 itself, the dominant diagram has t -quark intermedi- 
ates and Myi oc (V t bV* d ) 2 with a negative coefficient of proportionality with our conven- 
tion CP\B°) = \B ). It follows that \Mn\/M\ 2 = -e~ 2 'P. Combining all these results 
we find 



(f\H\B° h (t)) a e 



-rt/2 t 



" r '/ 2 A, 



(f\H\B phys (t))<x. 



Am Am 
cos 1 + ikf sin 1 

2 2 . 

Am 1 Am 
cos 1 + i — sin 1 

2 X f 2 . 



(15.13) 
(15.14) 



where 



and where 
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A f = (f\n\B°); A f = {f\n\B°), (15.15) 



Xf = 



\M n \ A f 



M 12 A f 
= ■n f e~ 2i ^e' 2i ^ k . (15.16) 

Here (f> wk is the single weak phase in the amplitude for B° — > f. We see that \X\ — 1, 
a consequence of our assumptions that only one mechanism contributes to the decay and 
that AT can be ignored for Bj. The decay rate is then governed by 

\{f\H\B* phys {t))\ 2 oc e- T < [1 + r, f sin2(/S + <j> wk ) sin Amt] , (15.17) 

\(f\n\B° phys (t))\ 2 ex e~ r ' [1 - n f sin2(B + cf> wk ) sin Amt] . (15.18) 

What is remarkable here is that there are no unknown matrix elements involving hadrons: 
when just a single weak phase occurs, the hadronic uncertainty disappears. 

15.3 B — ► J/ip and sin 2/3 

A particularly important example is the decay B — * J /ifrKs- Since the J/\// with CP — 
+ 1 and the K$ with CP — +1 must be combined in a p-wave {CP — —1) to make the 
spin-zero B, we have r\f — —1. Here the underlying transition is b — ► ccs. Because this 
involves only second and third generation quarks, no weak phase is introduced {<p w k — 0). 
This process, then, measures the phase of M\2, which is predicted by the Standard Model 
to be 2/3. See Figure 15.3. 

In Run I at the Tevatron Collider, which lasted from 1991 to 1996, CDF demonstrated 
that such measurements can be made in the intense environment of a hadron collider. The 
task was not just to reconstruct B — »■ J/ip-Ks decays and determine the time elapsed from 
the production of the B meson until its decay: it was necessary to infer whether the B 
had begun as a B° or B . The method used initially by CDF was to look at the particles 
accompanying the B meson that decayed to J/\//Ks- A B° — bd, is more likely to have 
a du = jr + nearby than a u d — tt~ . This preference can be measured quantitatively by 
observing B° — B oscillations. 

Any means used to determine whether the B observed as J /ifrKs began as a B° or 
B will be imperfect. If it is wrong a fraction w of the time, a distribution that should be 
1 — A sin Am? will instead appear as (1 — w){\ — Asm Amt) + w(l + Asm Amt) — 
1 — DA sin Amt, where the dilution D is just 1 — 2w. A figure of merit for an experiment 
is Q — ^€jDf, where the rth tagging category captures a fraction e, of the neutral B 
events and has a dilution D, . A collection of N events with efficiency e, and dilutions £>, 
in each category i has the statisical power of N Q perfectly tagged events. In 1998, CDF 
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Figure 15.3. Oscillations and decay provide a means of measuring CP violation in neutral B meson 
decay. The sine of the relative phase between the diagram on the right and the corresponding dia- 
gram on the left gives the coefficient of sin Amt in the time-dependent decay distribution. In the 
Wolfenstein phase convention only transitions between the first and third generations give significant 
CP-violating phases: t -*■ d gives fi and u -*■ b gives y. (A) In decays b —y ccs (B — ► J/i/rKg) 
no weak phase aside from that in mixing occurs and the measured asymmetry is proportional to 
sin2/J. Note that K —K mixing is essential here for there to be interference. (B) In decays like 
B -*■ jut the relative weak phase is 2/3 + 2/ = 27r — 2a. Because of contributions from penguin dia- 
grams with different phases, this decay does not give a direct measurement of sin 2a. (C) The decay 
B — > D + n~ is CKM-favored and interferes with the CKM-suppressed B — > D + tc~ through 
mixing. The relative weak phase is 2/3 + y, but a relative strong phase enters as well. 



reported (Ref. 15.2) a value sin 2/3 = 1.8 ± 1.1 ± 0.3 taking only events in which both the 
J /\ff -decay muons were seen by the SVX. The dilution was about 17%, with an efficiency 
of 65%, so Q was about 0.02. 

In 2000, CDF added two more means of tagging the initial B meson by looking for 
indications of the other B in the event. A semileptonic decay would be decisive: a positive 
lepton would indicate b — >■ cl + v and thus the decay of a B, not B meson. Even just 
measuring the charges of particles likely to be part of the B meson decay provided some 
evidence for its nature. In these ways CDF achieved a total Q of about 6%. The data sample 
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included about 400 events in which the J/xj/ was seen in its /x + /^~ decay mode and the K® 
was seen in 7t + jr~. In about half of the events, the muons were measured by the silicon 
vertex detector (SVX) providing precise information on the distance traveled before the 
decay to J /\jfK®. With this much larger dataset, an improved result (Ref. 15.3), sin 2/3 — 
0.79+044, was reported. 

The T(45), which provided such an excellent source of B mesons at CESR, can be 
used to study CP violation as well. However, in contrast to the production of BB pairs at 
a hadron collider, which can be regarded as incoherent, the production of BB pairs at the 
T(4S) is completely coherent. If at some instant, say t — 0, one B is known to be a B°, 
then at the same time the other must be a B . This follows from Bose statistics, which 
requires that the odd spatial wave function (for angular momentum one) must be balanced 
by a wave function odd under particle interchange. 

At hadron colliders, where the initial B and B are produced incoherently, t measures 
the time since their simultaneous production and is necessarily positive. At e + e~ colliders 
running at the T(45), since there are no particles produced aside from the B and B, tagging 
can only be done by observing features of the "other" B meson, the one not being fully 
reconstructed. The pair of neutral B mesons is produced coherently and t measures time 
from the decay of the B that is tagged as a B° or B to the time of the decay of the other 
neutral B meson. If the decay of the tagging B occurs before the fully observed decay, t is 
positive, but if the decay of the tagging B comes later, then t is negative. At the T(45), the 
time dependence for the decay to a CP eigenstate / of a state known to be a B° at t — 0 is 

\{f\n\B° phys (t))\ 2 ex e - r '" [1 + r, f sin 2(0 + 4> wk ) sin Amt] . (15.19) 

Integrating over all f, positive and negative, cancels the asymmetry. To measure the 
asymmetry, then, the actual time dependence must be seen. This is hardly possible in a 
collider like CESR. There, the T(4S) is produced at rest and the B mesons it yields go 
about 30 |xm on average before decaying. Such decay lengths are too short to be measured 
with sufficient accuracy to see the oscillations. 



15.4 Asymmetric B Factories 

To overcome this, asymmetric-energy e + e~colliders were built at SLAC and at the 
Japanese high energy physics facility, KEK, following the original proposal of Pier 
Oddone. The general features of the accelerators and detectors at the two locations were 
quite similar. At SLAC, the energy of the electron beam was about 9 GeV and that of the 
positron beam was near 3 GeV. This produces an T(45) resonance with a relativistic factor 
j3y — 0.56. At KEK, the energy asymmetry was less, with /3y — 0.42. The typical B 
path length at SLAC was 250 |im. Such distances can be measured reliably with a silicon 
vertex detector. 

In both the Belle detector at KEK and the BaBar detector at SLAC, particle identification 
relied on Cherenkov radiation, either as a threshold device or with imaging to reconstruct 
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the angle of the Cherenkov cone, and on measurements of dE/dx. Crystals of Csl provided 
electromagnetic calorimetry with the requisite precision. 

The new asymmetric-energy colliders at KEK and SLAC reached luminosities of order 
10 cm -2 s _1 remarkably quickly and over the years increased this another factor of ten. 
This enabled the Belle and BaBar experiments to improve substantially the fundamental 
measurements of Am^ and tg and of the CKM matrix elements V c b and V,,,b- The mass 
splitting uncertainty was decreased from the 5% achieved at LEP and the Tevatron Collider 
to 1% (Afflj = 0.507 ± 0.005 ps _1 ) and the uncertainty in the B° lifetime went from 
2% to 0.7% (tJJ = 1.530 ± 0.009 ps). Detailed studies of the semileptonic decays from 
b — > c £~v yielded \V c b\ — (41.6 ± 0.6) x 10~ 3 , while those from the CKM-suppressed 
decays k^ ul'v gave \V ub \ = (4.13 ±0.30) x 10" 3 . 

The real power of the asymmetric-energy B factories lay in their ability to measure time- 
dependent quantities. The oscillations between B° and B were apparent in comparisons of 
events with a B° and a B with events having either two B°s or two B s. See Figure 15.4. 

By March 2001 both the Belle and BaBar Collaborations reported new values for sin 2/6 
or sin 20i , as it is called by Belle. The Belle result (Ref. 15.4) was 0.58 +034 (stat) +°" ^ (sys) 
while that from BaBar (Ref. 15.5) was 0.34 ± 0.20 ± 0.05. Combining the CDF, Belle, and 
BaBar results gave 0.49 ± 0.16, strongly indicating a non-zero result, but still too limited 




Figure 15.4. Oscillations between B and B seen in events with two charged leptons. Top: events 
with two opposite-sign leptons. Middle: events with same-sign leptons. Bottom: the asymmetry. 
Because both neutral and charged B mesons are included, the idealized prediction would be an asym- 
metry (1 +cos Amt)/2, assuming equal numbers of charged and neutral B meson pairs. Figure from 
the BaBar Collaboration, Phys. Rev. Lett. 88, 221803 (2002). 
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Figure 15.5. The upper panel shows the time-dependent distributions of B — >• J/ij/Kg and anal- 
ogous processes with 7/i/f replaced by i/r(2S), Xcl> an d r ic- Data points with open circles are for 
events where the other B meson was tagged as a 6 while filled circles are for events tagged with a 
B . Directly below is the raw asymmetry, (N B o — N—o)/(N B o + N—o). The lower two panels show 
the analogous distributions for B -*■ J/\j/Kl. The asymmetry has the opposite sign as expected 
from the replacement of the (mostly) CP-even K$ by the Ki . Figure from the BaBar Collaboration, 
B. Aubert etal, Phys. Rev. Lett. 99, 171803(2007). 



by statistics to provide a sharp test of the Standard Model. A few months later, the BaBar 
Collaboration announced an updated result (Ref. 15.6) sin 2/Ji = 0.59±0.14±0. 05, which 
taken alone was enough to establish CP violation in the B system. In subsequent years the 
luminosity of both machines increased beyond 10 cm -2 s _1 and hundreds of inverse 
femtobarns of data, and thus hundreds of millions of BB pairs, were accumulated. By the 
end of 2007, the results from the two teams for sin 2/3 converged on a value 0.680 ± 0.025, 
or a = 21.45 ± 1.0 degrees. Figure 15.5 shows representative data for B — ► J/ip-Kg and 
related channels. 
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15.5 a and 7 

While the time dependence of B — »■ J/i]/Ks by itself provided an effective path to measur- 
ing j3, the angles a and y were more challenging and required a variety of channels. The 
decay B — >• rnt would appear to provide direct access to the angle a. This decay will result 
from the rather suppressed process b — > uud, which introduces the CKM matrix element 
V* h and thus the phase y. If this were the only contribution, the decay's time dependence 
would be 

\{7t + 7t-\H\B° Dh (t))\ 2 ex e - r| ' l [l + sin2(^ + K)sinAm/] 



ex e~ r|f| [1 -sin2asinAmf], (15.20) 



assuming from the unitarity triangle the relation a + ft + y — it. 

However, there is another way to reach the same final state, through a penguin process 
analogous to b — »• sy discussed in Chapter 1 1 and shown in Figure 15.6. Here, however, 
the phase would come from V t d, i.e. — p. With two different weak phases present, the 
simple analysis above fails. To separate out the penguin effects requires measuring isospin- 
related processes like B — > jt 0 7t° and B + — »■ jr + 7r° '. The analogous decays for B — »■ pit 
or B — >• pp also provide the means to measure a if isospin-related decays are measured. 

To disentangle the penguin contributions all charge combinations had to be measured, 
which was particularly problematic for jt 0 jt 0 because the resulting four photons are harder 
to measure than charged pions. Moreover the B° — »■ p°p° turned out to have a very small 





Figure 15.6. The decay B — ► jitz (or pit or pp) proceeds through the "tree" diagram above and the 
penguin diagram below. These have different weak phases, making more complicated the extraction 
of the angle a of the unitarity triangle. 
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Figure 15.7. Allowed regions in the p-n plane (p and rj include higher-order corrections in powers 
of A). Measurement of the angles a, fi, and y from B meson decays, together with measurements of 
the magnitudes of the CKM matrix elements, measurements of the mass differences Ara^ and A/7! s , 
and measurements of CP violation in K decays all provide constraints. The CKM model requires 
that all the regions allowed by the various experiments have a common overlap. The figure generated 
by the CKM Fitter team includes data through the summer of 2007. [Updated from CKMfitter Group 
(J. Charles etal), Eur. Phys. J. C41, 1-131 (2005)] 



branching fraction, near 10~ 6 . Nonetheless, by the end of 2007, a was known to be quite 
near 90 degrees, with a world-average value of 87 ± 6 degrees. 

Measuring the angle y of the unitarity triangle depends on interference between pro- 
cesses with b — >• c and b — >• u. As seen in Figure 15.3, mixing allows interference between 
the CKM-favored B -» D + n~ and the CKM-disfavored B° -» D + tt~. Because the 
final state is not a CP eigenstate, the final state strong phase is not the same for the two. 
When many decay channels are open, the final state interaction phase depends on the initial 
state as well as the final state. Moreover, the ratio of the two weak decay amplitudes is not 
known a priori. These complications are absent in B — >• J/ijrKs. Fortunately, an alterna- 
tive is available with charged B mesons. The decay B + — ► D K + is relatively favored, 
proceeding through b — ► cus, compared to B + — > D Q K + , which requires b — »■ Tics, since 
I V c b V us I ^ 0.04 -0.22 while | V uh V cs \ ~ 0.004. Although nominally the two final states are 
different, interference is possible if the D and D° decay into a common state like K + K~ . 
An especially attractive final state is Ksn + n~ , since the full Dalitz plot can be examined 
for the interference pattern. At the end of 2007, the uncertainty in y was much larger than 
that in /J and a: y — 11 ± 31 degrees. Within the uncertainties, the three angles did add up 
to 180 degrees as shown in Figure 15.7. 
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15.6 Direct CP Violation 

The CP violation observed in time-dependent measurements depended on phases that com- 
bined the effects of mixing and decay. In principle, CP could be observed in mixing alone, 
but such effects depend on ^(rn/Mn), which is very small because Tn itself is small and 
because Ti2 and M12 have nearly the same phase. See Exercise 15.4. On the other hand, 
CP violation in decays without mixing can be sizable. 

Consider specifically the decay B° — »■ K + n~ . This can occur through b — > uus with 
an amplitude proportional to V* h and thus a weak phase e' Y . Alternatively, it can occur 
through a penguin decay with the b turning into a t, which finally becomes an s. Since this 
chain contains no first generation quarks, it has no weak phase in the standard convention. 
We write the amplitude as 

A(B° -+ K+ji-) = Te Ur e iY + Pe Up . (15.21) 

where Sj and 8p are strong final-state-interaction phases and T and P are real. The ampli- 
tude for the charge-conjugate decay is 

A(B° -► K-jt + ) = Te UT e~ iy + Pe iSp . (15.22) 

The difference of the partial decay rates for B° — »• K + n~ and B — ► K~it + is propor- 
tional to sin(^7- — Sp)siny. In general, there is direct CP violation only if the two decays 
have at least two contributions with different weak and strong phases. 

In 2004, the BaBar Collaboration reported a significant difference for these two decay 
rates, 

A ^ = 1K-7T+ ~ n K +7z- _ _ 0 133 ± 0 .030(stat) ± 0.009(syst), (15.23) 

based on some 1600 decays to Kit (Ref. 15.7). This was consistent with an earlier mea- 
surement by the Belle Collaboration, which also showed a negative asymmetry, but with 
less statistical significance. The Belle team soon confirmed the result with significance 
similar to that of BaBar (Ref. 15.8). Similar direct CP violation would then be expected in 
the analogous decay B + — > K + 7t°. Instead, smaller positive, less significant asymmetry 
has been measured. This remains a puzzle. 



15.7 B s Mixing 

Oscillations of 5^ are similar in principle to those of the non-strange B° — B®, but replac- 
ing the d quark with an s quark means that it is V^ s rather than V?i that governs both AT 
and Am. With Am increased by a large factor, observing B s oscillations was bound to 
be difficult. Early limits were set by the LEP experiments ALEPH, DELPHI, and OPAL: 
Anil > 10.6 ps _1 , compared to the measured value of Am^ near 0.5 ps _1 . 

The B factories were unable to study B s for lack of a resonance analogous to the T(45) 
giving B S B S exclusively in place of B C \B C ]. The Tevatron Collider, however, produced B s 
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copiously. To observe B s oscillations it was necessary to detect a B s and then tag the 
accompanying B or B s as belonging to the b category (B°, B + , B s ) or the b category (B , 
B~, B s ). The task was much more difficult than for B c i oscillations because of the smaller 
production cross section, and especially because of the rapid oscillations that had to be 
resolved. 

The B s meson decays through bs -¥ cW + s, with the subsequent decay of the virtual 
W + . The combination cs can make a D s meson, so the combination of a D s meson with 
a charged lepton from the W + makes a good signature for a B s . A convenient channel for 
observing D s is <j)Tt . The DO Collaboration set interesting limits on Am s in the summer of 
2006 by observing the time dependence of events with a D s decaying to <pn together with 
a charged lepton of the opposite sign to the D s . To observe the oscillation, it was necessary 
to know as well whether the other B meson in the event was b-\ike or b-like. This could be 
inferred again by looking for a charged lepton or other charged particle indicative of the 
originating B meson. For Belle and BaBar, the tagging figure of merit was typically Q % 
0.30, while in the more challenging environment of the Tevatron Collider DO achieved 
Q ~ 0.025. The oscillations would appear as time dependence of the B s decays opposite a 
B tag proportional to e~ Tz (1 ± D cos Am s r), where r is the proper time. Since the decay- 
ing B s meson was not completely reconstructed, its momentum and thus r could only be 
approximately inferred from the decay length. The sample of approximately 5600 tagged 
events was equivalent to 0.025 x 5600 =140 perfectly identified events. From these events, 
the DO Collaboration inferred a limit of 17 < Am s < 21 ps _1 at 90% CL (Ref. 15.9). 

The CDF Collaboration used both semileptonic decays and fully reconstructed non- 
leptonic B s decays (Ref. 15.10) to measure Am s . CDF benefitted significantly from a 
trigger that used information from the silicon vertex detector to identify likely secondary 
vertices. For the fully reconstructed decays, the decay proper time was well measured. In 
addition, CDF tagged events by looking for charged K mesons accompanying the decay- 
ing B s , reasoning that a K~ was evidence for an s quark and thus suggested that the 
nearby strange quark in the B s was likely to be an s. Ultimately, CDF increased Q to the 
range 0.035-0.040. Unlike the measurement of CP violation in the Bj, the measurement 
of oscillations did not depend on knowing the value of the dilution precisely. Determin- 
ing Aflij was the only goal. To test for the presence of an oscillation, the data were fit to 
e~ Fr (1 ± AD cos Am s x) for varying values of Am s and A, so A — 1 would indicate that 
the correct oscillation frequency had been found. In this way, CDF measured 17.01 ps _1 < 
Am s < 17.84 ps _1 . A few months later, CDF had refined its measurement, using time-of- 
flight and dE/dx measurements to discriminate charged kaons from pions (Ref. 15.11). 
The result was a higher precision measurement [17.77 ± O.lO(stat) ± 0.07(syst)]ps _1 , 
establishing B s oscillation with more than 5-<r significance. 

The diagrams that describe Araj and Am s differ primarily by the replacement of Vr, by 
Vf s . To infer the ratio \V t d/V ts \, there is, in addition, a correction f = 1.21^ 0035 for the 
difference between the internal structure of B c ] and B s mesons, which can be calculated 
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using an approximation for QCD evaluated on a lattice. From 

Vtd 



V,, 



= $ 



Ara s m B o 



(15.24) 



+0.0081, 



CDF concluded that \V td /V ts \ = 0.2060 ± 0.0007(Am s )I^ 0 (Am d + theo). 



15.8 D Mixing 

Oscillations in the D-meson system differ in many ways from those in the two 5-meson 
systems. The most important of these is that A/7?/ T is expected to be quite small. Reason- 
ing analogous to that for the B mesons suggests that Am and AT would be proportional 
to (V cd V* d + V cs V* s f ex ( V cb V* b ) 2 , which is 2 x 10" 3 times smaller than (V, b V* d ) 2 . This 
estimate is too small because there are contributions that are not accurately described by 
the quark-level picture. These come from explicit intermediate states like rnt, KK, and 
pp, which can connect D° and D just as 7T7r states connect K° and K . Nonetheless, still 
mixing was expected to be a much more subtle phenomenon in D mesons than it is for K, 
B c i, and B s mesons. 

The appearance of wrong-sign decays through the behavior e _r '(l — cos Am?) will 
never be large. As a result, the very small effect due to CKM-suppressed decays must be 
included in the analysis. In addition, the D-meson system has little connection to the third 
generation of quarks. Since three generations are required for CP violation to arise from the 
CKM matrix, we anticipate that CP violation can be ignored. It makes sense then to start 
with CP eigenstates analogous to K® and K®. Adopting the convention CP\D 
we write 



0\ 









IfwedefineAM = Afi-M 2 , Ar = r!-r 2 andM = {M [ +M 2 )/2,T = (T r 
we can express the time development of a state that begins as D° as 



D° phy (t)) « e~ 



= \D ), 

(15.25) 
(15.26) 

hr 2 )/2, 
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-i(AM-^Ar)f|D°) 


i(M-ir/2)t 


W) - 


- l -(x - iy)rt\D°) 





(15.27) 



We have introduced x — AM/ F, y — AT/(2r) and kept only leading terms in these small 
quantities. Now consider a decay that is CKM-disfavored for D° like D° — > K + it~ . The 
ratio of the amplitudes for D° and D to decay to this state can be written 



'Rne~ 



(15.28) 
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so that the rate for the disfavored decay is Rp times the rate for the favored one. The 
phase 8 is the strong interaction phase for the favored decay minus that for the disfavored 
decay. The minus sign is introduced because V cc i/V cs — —X. Altogether, we see that the 
time-dependent rate observed for a CKM disfavored decay is 



e~ r > 



/ ^ D (vcos5-.Tsin^)rrH —(Tt) 2 



(15.29) 



If we introduce y' — y cos <5 — x sin <5 and x' — y sin 8 + x cos 8, then it is y' and x 2 that are 
measurable from the coefficients of the linear and quadratic terms in the time dependence. 

Fortunately, tagging mesons as initially D° or D is much easier than for the neutral B 
mesons. A D* + decays to D°tt + while D*~ gives D jr~, so finding a charged pion that, 
when combined with a neutral D, gives a D* determines whether initially the neutral D 
was a D° or a D . 

In 2007, the BaBar Collaboration reported on 1.1 million favored decays and 4000 dis- 
favored decays to Kit with the results y' — [9.7 ± 4.4(stat) ± 3.1(syst)] x 10~ 3 , x' 2 — 
[-0.22 ± 0.30(stat) ± 0.21 (syst)] x 10" 3 (Ref. 15.12). Once correlations between the 
measurements were included, this constituted evidence for mixing at the 3.9-er level. The 
ratio of the rates for Cabibbo-suppressed decay and the Cabibbo-favored was found to be 
0.303 ± 0.016(stat) ± 0.010(syst). 

Shortly thereafter, the Belle Collaboration reported a lifetime difference for the decays 
of neutral D mesons to CP eigenstates K + K~ and jt + jt~ and to the non-CP-eigenstate 
K~jt + (Ref. 15.13). In the absence of CP violation we expect the lifetime of a CP — +1 
state to be inversely proportional to T + AT/2, while that for a non-CP-eigenstate should 
be inversely proportional simply to T, so that 

r(D° -► K~JT + ) 

— — „ - = l+y. (15.30) 

r(D°-> K+K-) y 

While such measurements had been made previously by FOCUS (a photoproduction exper- 
iment at Fermilab, which took data in 1996 and 1997), CLEO II, BaBar, and Belle itself, 
these all had uncertainties of more than 1 % and none had established a significantly non- 
zero value. The new Belle data with more than 10 5 K + K~ events and nearly 5xl0 4 jr + 7r~ 
events found y = [1.31 ± 0.32(stat) ± 0.25(stat)]%. Measurements by the BaBar Collab- 
oration found a very similar result: y — [1.24 ± 0.39(stat) ± 0.13(stat)]% (Ref. 15.14). 

Following a technique developed by the CLEO Collaboration, Belle measured the time- 
dependent Dalitz plot for decays of D° and D to the CP eigenstate ^^• + 7T~(Ref. 15.15). 

In the decay to a CP eigenstate, the strong interaction phase for D° and D must be the 
same since the strong interactions respect CP. As a result, it is x and y themselves that are 
accessible rather than x' and y' as in the decay to Kit. Assuming no CP violation, the Belle 
results were x — (0.80 ± 0.29)% and y — (0.33 ± 0.24)% and disfavored the no-mixing 
values x — y — 0 by 2.2er. 
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The Tevatron Collider also provided copious D meson production and the CDF Col- 
laboration carried out a measurement similar to the one BaBar used to first demonstrate 
D° — D mixing. It compared D° — >■ K + n~ to D° — > K~n + , tagging the initial D as a 
daughter of a charged Z)*(Ref. 15.16). The results were in good agreement with those from 
BaBar: / = [8.5±7.6(stat)] x l(T 3 ,x' 2 = [-0.12±0.35] x 1(T 3 . While these appear to 
be not far from the no-mixing case, the uncertainties in y' and x 2 were highly correlated 
and the no-mixing solution was excluded at 3.8-er level. 

The remarkable consistency of data from B, B s , and D mesons in mixing and CP viola- 
tion provide enormous circumstantial evidence in favor of the CKM model of weak inter- 
actions and CP violation in particular. Nonetheless, this leaves a real puzzle. As Andrei 
Sakharov first recognized in 1967, CP violation is required to explain the evident baryon- 
antibaryon asymmetry of the Universe if one supposes that this asymmetry was not present 
at the outset. The CP violation of the Standard Model is not large enough to explain the 
measured ratio of photons to baryons, however. This suggests that there are additional 
sources of CP violation besides those provided through the CKM matrix. These likely 
reside in particles yet to be discovered. Whether they are in reach of accelerators or not 
remains to be seen. 



Exercises 

15.1 Show that when a B°B pair is produced in e + e~ annihilation in association with 
other particles far above the BB threshold, if both Bs decay semileptonically, the 
like-to-unlike-sign ratio is 

N(l + l+) + N(rr) 2r 



N(l+l~) 1 + r 2 

but if the pair is produced by the T(4 3 5'i) the ratio is simply r. 

15.2 Determine the eigenstates \Bh) and \Bi) including the first order corrections in 
V\2/M\2- Use this result to show that 

N(l + l + )-N(l-l-) _ If/- 1 ^r 12 
N(l+l+) + N(l-l-)~ |f| 4 +l ^^M n ' 

15.3 The transition B — >• B° occurs, at the quark level, through box diagrams where the 
intermediate states are ft, tc, tu, cc... etc. The sum of all the diagrams would vanish 
if the quark masses were zero (or just all identical). The result then is dominated by 
the t quark contribution and is given by 

G 2 

M n = -T^iBBf^mBm^iVtbV^ffixr) (15.31) 

1Z7T Z 

where 

- G F = 1.166 x !CT 5 GeV- 2 
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Bs d is the bag parameter, relating the matrix element of a quark operator between 
physical states to the value obtained naively and fg d is the decay constant for the 
Bd meson. Lattice calculations give fB d ^/Bg d — (223 ± 8 ± 16) MeV (see the 
Review of Particle Physics, 2008). 
x] — 0.55 is a QCD correction. 



4- llx, + xf 3xflnx t 
J\ x t) 



4(1 -x t ) 2 2(1 -x t ) 3 

is a kinematical factor with x t — mj/rn^. With m, — 170 GeV, we find f(x t ) — 
0.55. 
- V„, « 1, 

and where the phase convention CP\B°) — \B ) is used. Use the value Am — 
0.50 ps _1 to determine | V t d\- Compare this with the value you get from the measure- 
ments of Affij, Arrid, and \V ts \ ^ |V C *I- 

15.4 Use Figure 15.1 and dimensional arguments to show that AT / Am oc rni/mf, inde- 
pendent of the values of the CKM matrix elements. Show also that Ti2 and M12 have 
nearly the same phase. 

15.5 In fitting with the maximum likelihood technique a distribution f(t; A) with a dis- 
tribution normalized so J dtf(t; A) — I, the expected uncertainty in A with N data 
points is given by 



o A 2 = 



f\dAj 



f 
If there are several distributions /, into which the data fall, the result is similarly 



*-?K(B) 



2 



Apply this to the determination of the asymmetry in B — >• J/i//K®. Show that with 
perfect tagging 

, f 00 „ sin 2 xM 2x 2 

o~ 2 = N due'" = &N T , 

Jo I- A 2 sin 2 xu 1 + 4x 2 

where the approximation applies for small A 2 and where x — Am/ V. How does the 
result change if there is a dilution D ^ 1 ? 

Use this result to estimate the uncertainty you would expect for the BaBar data set 
(Ref. 15.5) and the reported value of Q, the effective tagging efficiency, and compare 
to the reported statistical uncertainty. 
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Further Reading 

The Review of Particle Physics, published biannually by the Particle Data Group, contains 
topical reviews on mixing and CP violation. 



A thorough and thoughtful treatment of CP violation is given in G. C. Branco, L. Lavoura, 
and J. P. Silva, CP Violation, Clarendon, Oxford (1999). 
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Ref. 15.1: Observation of B°-B Mixing 
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Using the ARGUS detector at the DORIS II storage ring we have searched in three different ways for B°-B° mixing in T (4S) 
decays. One explicitly mixed event, a decay T (4S)->B°B°, has been completely reconstructed. Furthermore, we observe a 4.0 
standard deviation signal of 24.8 events with like-sign lepton pairs and a 3.0 standard deviation signal of 4.1 events containing 
one reconstructed B°(B°) and an additional fast i* (£~ ). This leads to the conclusion that B°-B° mixing is substantial. For the 
mixing parameter we obtain r=0.21 ±0.08. 



We report the observation of B°-B° mixing. This 
conclusion is based on the study of B mesons pro- 
duced in T (4S) decays, using the ARGUS detector 
at the e + e~ storage ring DORIS II at DESY. B°-B° 
mixing provides basic information on the parame- 
ters and validity of the standard model [ 1 ] , and is 
potentially a sensitive probe for new physics [2]. A 
B° meson can either decay directly or, through mix- 
ing, transform into its anti-particle, the B°, before 
decaying. The ratio of the decay widths [3,4] 

■T(B 0 ->B°->X') 

r ~ r(B°^x) 

of these two competing reactions describes the 
strength of mixing. In decays of the T (4S), pairs of 
B°6° mesons are produced in a P-wave, so that r is 
given in this case [ 5 ] by the ratio 

_ A f (B°B°)+A f (B''B 0 ) 
T ~ 7V(B°B°) 
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Thus, the existence of mixing leads to events con- 
sisting of B°B° or B°B° pairs which can be detected 
experimentally. 

An upper limit for B°-B° mixing of 24% at 90% 
CL has been published by the CLEO Collaboration 
[6]. An investigation by the MARK II Collabora- 
tion [7] of dilepton rates in continuum e + e~ anni- 
hilations at 29 GeV, well above the B s production 
threshold, resulted in combined upper limits for 
B°-B° and B s -B s mixing. The UA1 Collaboration [8] 
has reported evidence for an excess of like-sign lep- 
ton pairs produced in pp collisions, which they inter- 
preted as signature for B s -B s mixing. 

The mixing study reported here is made with B 
mesons produced in 88000 T (4S) decays. The event 
sample corresponds to an integrated luminosity of 
103 pb~' on the Y (4S) and 42 pb ' in the contin- 
uum just below the T (4S). A short description of 
the ARGUS detector and its trigger can be found in 
ref. [9] and its particle identification capabilities in 
ref. [10]. 

Evidence for substantial B°-B° mixing is obtained 
by using three different analysis methods. The first 
approach is to search for fully reconstructed T (4S) 
decays into B°B° or B°B° pairs. Efficient and clean 
reconstruction of B mesons is accomplished by using 
B decays involving D*~ mesons sl which are recon- 
structed through their decays D*~ -»D°7t ~, followed 
by 

D°-»K + jt- 

->K. + 7t-jt° 

-K + Jt-7t + Jt- 

-»Kgjt + 7t~ . 



References in this paper to a specific charged state are to be 
interpreted as implying the charge-conjugate state also. 
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Fig. I. Recoil mass M\ etM -\E^ x ^-{.E a . 

+£,-)] = -(Pv +*••>" wilh &--*&*', D°-K-n-, 
K"ii*h , K*JIJ[°, K*n"Jt*n" and one leplon (it', e* ) with 
momentum p> 1 .0 GeV/c. 

B° mesons are either reconstructed in the hadronic 
decay modes [ 11]. 

B°-.D*-7t + 

-.D*-Ji T it° 

-tD*"ji + it + it- , 

or in the channel 

B°-D*-JTv, 

with S T being an e + or n~. The partial reconstruc- 
tion of the decay B°-tD*~B + v is possible because B° 
mesons produced in T (4S) decays are nearly at rest. 
The neutrino is unobserved, but can be inferred if 
the recoil mass against the D* _ f> + system, Mi ccoll , is 
consistent with zero. M^ ect>i1 is defined by 



Ml 



(E 0 .-+E t .)] 7 -(p 0 --+P,') 2 



By requiring the D*~ to have momentum less than 
2.45 OeV/c and the lepton to have momentum above 
1.0 GeV/c, we obtain the recoil mass spectrum shown 
in fig. 1. The prominent peak at M\ tmil -0 corre- 
sponds to a B° signal on a low background. The posi- 
tion and shape of the signal is well described by the 
Monte Carlo prediction for T (4S)-*B°B° followed 
by the semi-leptonic decay B°-»D* t + v. 

In the sample of events with a single reconstructed 
B°, we can attempt to reconstruct the second B°, now 
with a less restrictive choice of possible decay chan- 
nels. By this means, we have succeeded in com- 
pletely reconstructing a decay T <4S) ^B°B°, the first 




Fig, 2. Completely reconstructed event consisting of (he decay Y 
{4S)-.B°B°. 

observation of B°-B 0 mining. The two B° mesons 
(B? and B?) decay in the following way: 

Bf-»DT~Hfv, 



I 
DT" 



.*,' G>° 



D°-.Krnr 



and 
BS-Dr^Va 



D!" -tat* D" 

1 

The event is shown in fig. 2 and its kinematical 
quantities are listed in table 1. The masses of the 
intermediate states agree well with the table values 
[12]. Both D*~ mesons contain positive kaons of 
momenta p(K,) =0.548 GeV/c and p(K. 2 ) = 0,807 
GeV/c which are uniquely identified by the meas- 
urements of specific ionisation loss (dE/dx) and of 
time-of-flight. The two positive muons are the fastest 



247 



456 



Ref. 15.1: Observation of B°-B Mixing 



Volume 192, number 1,2 



PHYSICS LETTERS B 



25 June 1987 



Table 1 

Kinematical quantities of the observed T (4S)->B?B°. event. 



Decay 



Mass(GeV/c 2 ) 



P(GcV/c) 



AfLciitGeV 2 /,-*) 



B?^DT-ur(v,) 
D?--.7irD° 

BS^D?-u 2 + (v 2 ) 
D? ^jt"D- 
7i°- 2y 
D--.K, + it,-n,- 



4.393 + 0.088 "> 

2.008±0.001 

1.873±0.O21 

3.96910.032 al 

2.008:0.005 

0.18010.028 

1.88610.015 



1.090 + 0.108" 
1.19610.013 

1.091 + 0.012 
1.244 + 0.015" 
1.611+0.017 
0.13610.019 
1.47810.007 



-0.609 



-0.275 



' Mass and momentum without neutrino. 



particles in the event with momenta />(u,) = 2.186 
GeV/c and p(\i 2 ) = 1.579 GeV/c, and have dE/dx and 
shower counter information consistent with the muon 
hypothesis. One muon, u.,, is clearly identified in the 
muon chambers whereas the second one, u 2 , points 
in a direction of the detector not covered by muon 
chambers. 

This event has a kinematic peculiarity which leads 
to the conclusion that B° decays semi-leptonically, 
and that therefore u 2 must be a muon, providing fur- 
ther proof that this event contains two B° mesons. 
The momenta of D*~ and ii? restrict the momen- 
tum vector of the B° meson onto a small cone around 
the direction of the D*~ \i? system. Knowing the 
direction of B? and, opposite to it, of B°, the event 
is fully reconstructed in spite of the fact that two 
neutrinos are present. Specifically, the missing mass 
in the decay of B" is only compatible with zero or the 
ji° mass. Since no additional signal for a single pho- 
ton or a n 0 is seen in the detector, the neutrino 
hypothesis alone is acceptable which agrees perfectly 
with the above interpretation. 

For a mixing strength of r=0.2, we expect to 
reconstruct 0.3 events of this type where both B 
mesons decay as B°->D*~£ + v. In order to estimate 
the background for such an event, a Monte Carlo 
simulation was performed. Among 22 000 B°B° pairs 
where B? is reconstructed in the observed channel 
and the multiplicities of the detected remaining 
charged and neutral particles are the same as in the 
above event, we find no fake candidate for mixing. 

In the second analysis method we investigate events 
containing lepton pairs originating from T(4S) 
decays. The charge of the primary lepton from the 
decay of the b quark identifies whether the decaying 



meson is a B or a B. Thus, B 0 -B° mixing manifests 
itself in the production of like-sign lepton pairs. 

An event selection is made by applying cuts to 
suppress continuum dilepton sources: ( 1 ) the second 
Fox-Wolfram moment [13] less than 0.6, (2) 
charged multiplicity n ch > 5 and ( 3 ) total multiplic- 
ity "ch+ j« T > 7. The angle between all particles and 
the beam axis is required to satisfy cos0, ab <O.9. 
Exactly two of the particles in the events have to be 
well-identified leptons with momenta greater than 
1.4 GeV/c. The momentum cut suppresses most of 
the secondary leptons originating from charmed 
mesons in B decays. For lepton identification, infor- 
mation from all detector components is used coh- 
erently by combining the measurements into an 
overall likelihood [14]. The available information 
consists of dE/dx and time-of-flight measurements, 
and the magnitude and topology of energy deposi- 
tions in the shower counters. In addition, for muons, 
a hit in an outer muon chamber is required and 
information on the hit-impact point distance is 
included in the likelihood. 

Further requirements are made in order to reduce 
background sources of lepton pairs. B decays to 
J/\)»(\)»') produce e + e~ or u, + u _ pairs. To suppress 
this background, events containing those pairs are 
rejected if the mass of the pair coincides with the 
mass of the J/ty or y' within ± 150 MeV/c 2 . Elec- 
trons originating from photon conversion are sup- 
pressed by requiring that no other positron candidate 
of any momentum lie within a cone of 32° around 
the hight momentum electron track. 

The distribution of the opening angle 6 W between 
the leptons is shown in fig. 3 for events passing these 
cuts. For leptons originating from two different B 
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I ike-sign 



unl ike-sign 




o lUAlEin nnfl : 

-1 -0.5 0 0.5 1 

cosG 



Fig. 3. Distribution of the opening angle between the leplons for 
like-sign (a)-(c) and unlike-sign (d)-(f) pairs. 



mesons, this distribution should be isotropic. Lepton 
pairs from continuum or originating from the same 
B meson tend to be back-to-back. These contribu- 
tions are reduced by requiring cos f? ss > — 0.85. Table 
2 gives the number of dilepton events surviving these 
cuts both on the T (4S) resonance and in the con- 
tinuum below. The number of dilepton events from 
T (4S) decays is determined by subtracting the con- 
tinuum contribution scaled by a factor 2.5 according 
to the ratio of luminosities. Further, the e + e~ and 
ii + u~ pair events are corrected for losses due to the 
invariant mass cut to remove recognized JA|/(\|/') 
decays. 

The remaining dilepton events still include con- 
tributions from background due to lepton-hadron 
misidentification, secondary leptons from charm 
decays, J/\|/ decays, and converted photons. 

The background due to lepton-hadron misiden- 
tification is evaluated from data. To determine the 
fake rate per track we use our data samples of 



T-->vjc-7t-7c + + wc° («=0, 1) and D* + ->D°7t + , 
D°->K~7t + decays which provide clean sources of 
high energy pions and kaons, respectively. Decay-in- 
flight and punch-through result in a tc/u misidenti- 
fication probability of (2.2 ± 0.2)% per pion. For K/u 
misidentification the fake rate is (1.9 ±0.5)% per 
kaon, including a correction for kaon decays between 
the interaction point and the drift chamber. The fake 
rates due to 7t/e and K/e misidentification are both 
(0.5 ±0.1)%. The lepton-hadron misidentification 
rates have also been determined using hadronic 
decays of the T (IS) where the fraction of leptons is 
negligible. The results obtained agree with the quoted 
values. 

The number of faked dilepton events is extracted 
from the observed hadron momentum spectrum in 
the events containing like-sign and unlike-sign lep- 
ton-hadron pairs. These momentum spectra, folded 
with lepton-hadron misidentification probabilities, 
are shown in fig. 4 for both like-sign and unlike-sign 
lepton-hadron samples. Since the fake rate per track 
is within errors the same for pions and kaons, it is 
not necessary to account for their relative fractions. 
One unlike-sign dimuon event is expected to occur 
where both muons are misidentified hadrons. 

The background due to secondary leptons is deter- 
mined by a Monte Carlo simulation of B decays. A 
spectator model [15] is used to describe the decay 
of the b quark, with the final state hadrons produced 
using the Lund string fragmentation model [16]. The 
simulation is checked by comparison with ARGUS 
measurements of the inclusive spectra for leptons, 
D° mesons, pions and kaons from B decays, and with 
the inclusive electron spectrum for D° and D + decays 
from MARK III [17]. All these data are well repro- 
duced. The uncertainty in the calculation is expected 
to be ± 25%. The background from J/y and y ' decays 
or converted photons where only one of the two lep- 
tons is observed in the detector is also determined by 
Monte Carlo simulation. 

The number of events are given in table 2. Out of 
the 50 like-sign dilepton events, 25.2 ±5.0 ±3.8 
events are attributed to the background sources as 
described above. The first error is the statistical and 
the second one the systematical uncertainty in the 
background determination. The probability for the 
measured 50 events to be a fluctuation of the back- 
ground corresponds to 4.0 standard deviations. Thus, 
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M"li- 



e-u- 



dilepton candidates 
background 

signal 



T(4S)+continuum 

continuum 

T(4S)direct 

fakes 

conversion 

secondary decays 

J/y decays 



0 

8.0±3.9 

0.7 

0.5 

2.3 

0.7 

3.8±3. 9 + 0.9 



16 
0 
16.0±4.8 

5.7 

2.9 
0.9 
6.514.8+1.3 



sum: 50 dilepton candidates 
background: 25.2 ±5.0 ±3.8 events 
signal: 24.8 ± 7.6 ± 3.8 like-sign lepton pairs 



u. T u~ 



26 

0 
26.0 + 5.8 

4.9 

0.5 

4.6 

1.5 
I4.5±5.8±1.8 



e~u 



dilepton candidates 


T(4S) + continuum 


60 


92 


149 






continuum 


3 


1 


2 






T(4S)direct 


52.6 


89.5 


144.1 






corrected for JAy cut 


58.5 + 9.8+1.6 


99.6+11.3 + 2.5 


144.1 ±12.4 


background 




fakes 


1.4 


12.1 


10.2 






conversion 


0.5 


- 


0.5 






secondary decays 


0.7 


1.5 


1.6 






J/y decays 


1.0 


0.9 


1.5 


signal 






54.9±9.8± 1.6 


85.1 + 11,3 + 3.1 


130.3+12.4+1.8 


signal: 270± 


19.4 ±5.0 


unlike-sign lepton pairs 









mixing parameter r 

combined mixing parameter r=0.22 ± 0.09 ± 0.04 



0.17±0.19±0.04 



0.19±0.16±0.04 



0.28±0.14±0.04 



we attribute the signal of 24.8 ±7.6 ±3.8 events to 
B°-B° mixing. The signal for unlike-sign pairs is 
270.3 ± 19.4 ±5.0 events. 

The mixing parameter r for dilepton events has the 
form 

[N(i + i + )+N(t-i-)](l+X) 
r ~ N(i + i~)-[N(i + i + )+N(i-i-)]X' 

In order to account for T (4S) decays into B + B 
pairs, a factor 






has to be introduced where / + (f°) is the branching 
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ratio of the decay Y (4S) into charged (neutral) B 
mesons and Br + (B°|) the semi-leptonic branching 
ratio of charged (neutral) B mesons. All these num- 
bers are unknown, and we assume X to be equal to 
1.2. The acceptance for ee, uu. and eu events is dif- 
ferent, thus the mixing parameter r is calculated for 
each sample separately. Combining these results, we 
obtain 

r= 0.22 ±0.09 ±0.04. 

This result is not sensitive, within the statistical 
errors, to a variation of the lepton momentum cut 
between 1.4 and 1.6 GeV/c. 

The third analysis method involves the recon- 
struction of one of the B° mesons originating from 
the T (4S) decay, using the same channels as for the 
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Fig. 4. Momentum spectrum of misidentified hadrons for faked 
dilepton events: (a) like-sign, (b) unlike-sign. 

first method described above, and tagging the second 
B° with a fast lepton. This method is considerably 
less sensitive to background from lepton 
misidentification. 

Fig. 5 shows the spectrum for the recoil mass 
against aD'' i + system if the event contains one 
additional lepton with momentum larger than 1.4 



N 










0.5G»V 2 /<:* 
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J 




3 








1 : 
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n 


A 


^n , 



-20 -10 0 10 

Fig. 5. Same as fig. 1 with requiring an additional lepton (u, e) 
with momentum p > 1.4 GeV/c in the event. 



Fig. 6. The mixing parameter r as a function of the factor L The 
dotted line indicates our chosen value X = 1 .2. 

GeV/c. Adding two events where the B c mesons are 
reconstructed in the hadronic channels, we obtain a 
total of 23 candidates for unmixed events and five 
candidates for mixed events. These five events are 
composed of two B°e + , two B°e~ and one B°|i~ 
events. The background for the mixed sample, deter- 
mined in the same way as for the second method, is 
expected to be 0.4 events due to misidentification 
and 0.5 events due to secondary leptons. After sub- 
tracting 0.9±0.3 events we are left with 4.1 events 
from B°-B° mixing. The probability for the observed 
events to be a fluctuation of the background corre- 
sponds to 3.0 standard deviations. The background 
to the unmixed events is 2.2 ± 1.1 events. Thus, we 
find a value for the mixing parameter r of 



Af(B°e + )+Af(B°i;-) 

Af(B°E-)+Af(B°e + ) 



= 0.20±0.12. 



Two like-sign and eleven unlike-sign events from 
this sample are also present in the dilepton sample. 
Taking this correlation into account, we get a com- 
bined result of 

r=0.21±0.08 

for X = 1.2. The X dependence of this result is shown 
in fig. 6. The parameter x = r/(\ + r) turns out to be 
* = 0.17±0.05 for r=0.21 ±0.08. 

We discuss our result in the framework of the stan- 
dard model with three generations. Assuming dom- 
inance of the box diagram, mixing is described by 
the parameter x [ 1 ] : 
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Table 3 

Limits on parameters consistent with the observed mixing rate. 



Parameters 



Comments 



r>0.09(90%CL) 

a>0.44 

B m f a xf„ <160MeV 

m b <5GeV/c 2 

T<1.4xl0- |2 s 

I K, d I < 0.0 1 8 

?/ OCD <0.86 

m,>50GeV/c 2 



this experiment 

this experiment 

B meson ( *pion) decay constant 

b-quark mass 

B meson lifetime 

Kobayashi-Maskawa matrix element 

QCD correction factor a) 

t quark mass 



■ Ref. [18], 



^AM^^BfUp,^ 
r ml t m 

and related to experiment by 

x 2 



'/QCD ! 



x 2 +2' 



The rate of B°-B° mixing provides a strong con- 
straint on parameters of the standard model. Spe- 
cifically, our result shows that the Kobayashi 
-Maskawa element K, d is non-zero. The observed 
value of r can still be accommodated by the standard 
model within the present knowledge of its parame- 
ters. As an illustration, one example of a set of limits 
is given in table 3. 

In summary, the combined evidence of the inves- 
tigation of B° meson pairs, lepton pairs and B° 
meson-lepton events on the T (4S) leads to the con- 
clusion that B°-B° mixing has been observed and is 
substantial. 
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We present a measurement of the standard model CP violation parameter sin20| (also known as 
sin2/3) based on a 10.5 fb _l data sample collected at the Y(45) resonance with the Belle detector at the 
KEKB asymmetric e + e~ collider. One neutral B meson is reconstructed in the J/ftKs, ({/(2S)Ks, XciKs, 
7) c Ks, J/ifsK L , or J/if/tr 0 CP-eigenstate decay channel and the flavor of the accompanying B meson is 
identified from its charged particle decay products. From the asymmetry in the distribution of the time 
interval between the two S-meson decay points, we determine sin20, = 0.58-[|;5(stat)-Sjo(syst). 

DOI: 10.1103/PhysRevLett.86.2509 PACS numbers: 11.30.Er, 12.15. Hh, 13.25. Hw 

In the standard model (SM), CP violation arises from of them decays. The decay of one of the B mesons to a 

a complex phase in the Cabibbo-Kobayashi-Maskawa self-tagging state, / Ug , i.e., a final state that distinguishes 

(CKM) quark mixing matrix [1]. In particular, the SM between B Q d and 5°, at time t Vtlg projects the accompanying 

predicts a CP violating asymmetry in the time-dependent meS on onto the opposite ^-flavor at that time; this meson 

rates for B d and B d decays to a common CP eigenstate, decays to f C p at time t CP . The CP violation manifests 

fcp, without theoretical ambiguity due to strong inter- itself as an asymmetry A{At), where At is the proper time 

actions [2J: interval At = t C p - t hlg . 

Y(~5° __> r \ _ y(d° __». f \ The data sample corresponds to an integrated luminos- 

A(t) = _q — 1 d -» Jcp) ity of 1Q 5 fb - [ collected with the Belle detector [ 4 ] at 

T(B d -> f C p) + T(B d — fcp) the KEKB asymmetric e + e~ (3.5 on 8 GeV) collider [5]. 

= — £r sin2<£i sinAm ( /r , At KEKB, the Y(4S) is produced with a Lorentz boost of 

_ 0 0 _ 0 0 /3y = 0.425 along the electron beam direction (z direc- 

where T[B d (B d ) - f CP ] is the decay rate for a B d (B d ) tion) Because the g o and g o mesons are neaHy at rest in 

to f C p at a proper time t after production, & is the CP the Y(45) center of mass system (cms)) Ar can be deter _ 

eigenvalue of /c/>, Am d is the mass difference between mine d from the z distance between the / C p and/ tac decay 

the two B d mass eigenstates, and <f> x is one of the three vertices, Az = z C p ~ Zta , as At - Az/f3yc. 

internal angles of foe CKM unitarity triangle, defined as The g eUe detector CO ns\sts of a 3 _ layer silicon vertex 

= it - arg( _ v ^'^ ) [3]. detector (SVD), a 50-layer central drift chamber (CDC), an 



In this Letter, we report a measurement of sin2<£, using array of 1 188 aerogel Cerenkov counters (ACC), 128 time- 
B d B d meson pairs produced at the Y(45) resonance, where of-flight (TOF) scintillation counters, and an electromag- 
the two mesons remain in a coherent /?-wave state until one netic calorimeter containing 8736 CsI(Tl) crystals (ECL) 



2510 



Volume 86. Number 12 



Belle Collaboration 
PHYSICAL REVIEW LETTERS 



463 
19 March 2001 



all located inside a 3.4-m-diameter superconducting sole- 
noid that generates a 1.5 T magnetic field. The transverse 
momentum resolution for charged tracks is {<j Pi / p r )~ — 
(0.00 19 p,) 2 + (0,0034)* where p, is in GeV/c! and the 
impact parameter resolutions for p = I GeV/c tracks 
at normal incidence are <T r $ — <r z = 55 ^m. Specific 
ionization (dE/dx) measurements in the CDC (itje/iIx ~ 
6.9% for minimum ionizing pions), TOF night-time mea- 
surements (cttof = 95 ps}, and the response of the ACC 
provide K~ identification with an efficiency of —85% 
and a charged pi on fake rate of —10% for all momenta 
up to 3.5 GeV/c. Photons are identified as ECL showers 
that have a minimum energy of 20 MeV and are not 
matched to a charged track. The photon energy resolution 
is {(x E /E) 2 *> (0.0 13) 2 + (0.0007 /E) 2 + (0.008/£ 1 '' 4 ) 2 . 
where E is in GeV. Electron identification is based on 
a combination of CDC dE/dx information, the ACC re- 
sponse, and the position relative to the extrapolated track. 
shape, and energy deposit of the associated ECL shower. 
The efficiency is greater than 90% and the hadron fake rate 
is —0.3% for p > 1 GeV/c. An iron flux-return yoke out- 
side the solenoid, comprised of 14 layers oT 4. 7 -cm-thick 
iron plates interleaved with a system of resistive plate 
counters (KLM), provides muon identification with an ef- 
ficiency greater than 90% and a hadron fake rate less than 
2% for p > 1 GeV/c. The KLM is used in conjunction 
with the ECL to detect K^ mesons; the angular resolution 
of the Kt direction measurement ranges between 1.5° 
and 3°. 

We reconstruct Bj decays to the following CP eigen- 
states: Jf<l>Ks, <)>(2S)K S , x cl K s , r) c K s for f, = -I 
and J/i/iir 0 , J/<//K L for £ f = +1. The J/ip and ip(2S) 
mesons are reconstructed via their decays to (* f (( — 
fi,e). The tp(2S) is also reconstructed via its J/ijitt* it" 
decay, the Xi\ v ' a > ts J/'f'V decay, and the r/,. via its 
K + K-n® and K$(tt + w~)K- tt' [6] decays. 

For J/ifi and (M2S) — • £ + f " decays, we use oppositely 
charged track pairs, where both tracks are positively iden- 
tified as leptons. For the B,, — J /ijiKs{tt* tr~) mode, 
the requirement for one of the tracks is relaxed: a track 
with an ECL energy deposit consistent with a minimum 
ionizing particle is accepted as a muon and a track that 
satisfies either the dE/dx or the ECL shower energy re- 
quirements as an electron. For e*e" pairs, we include the 
four-momentum of every photon detected within 0.05 rad 
of the original e + or e~ direction in the invariant mass 
calculation. Nevertheless a radiative tail remains and we 
accept pairs in the asymmetric invariant mass interval be- 
tween - 12.5(7 and +3(7 of Mjfa or Mfpj), where (7 =■ 
12 MeV/<- is the mass resolution. The p.* fi~ radiative 
tail is smaller; we select pairs within —5(7 and +3(7" of 
Mj/,1, or Af^{25). Candidate ffj — • w*tr~ decays are op- 
positely charged track pairs that have an invariant mass 
within ±4(7 of the K" mass fer = 4 MeV/c 2 ). For the 
J /ijiKs final state, Ks — W®lr decays are also used. For 
7r 0 ir° candidates, we try all combinations where there 



are two yy pairs with an invariant mass between 80 and 
150 MeV/c-, assuming they originate from the center of 
die run-dependent average interaction point (IP)- We mini- 
mize the sum of the %- values from constrained fits of each 
pair to the 77° mass with y directions determined by vary- 
ing the decay point along the K$ flight path, which is taken 
as the line from the IP to the energy -weighted center of the 
four showers. We select combinations with a ir°-n-° invari- 
ant mass within ~±3<r of M*», where a ~ 9.3 McV/e 2 . 
For the J/ijitt" mode, we use a minimum y energy of 
100 MeV and select yy pairs with an invariant mass within 
±3(7 of M„», where a = 4.9 MeV/c 2 . 

We isolate reconstructed fl-meson decays using the en- 
ergy difference At' = Es° s — fr^l'm ami the beam -energy 
constrained mass A/(, t . = V(EbMm) 2 ~ {p™ 5 ) 2 : where 
EbMin ' s tne cms beam energy, and E)! m and />)"'' are the 
cms energy and momentum of the B candidate. Figure I 
shows the Mi, e distribution for all channels combined 
(other than J /ijiKf) after a A£ selection that varies from 
±25 to ± 100 MeV (corresponding to ~±3<7), depending 
on the mode. The fl-meson signal region is defined as 
5.270 < M bc < 5.290 GeV/c 2 ; the M bc resolution is 
3.0 MeV/c 2 . Table 1 lists the numbers of observed events 
(/Vev) and the background (M*^) determined by extrapo- 
lating the event rate in the nonsignal AE vs M^ region 
into the signal region. 

Candidate Bj — < J /ij*Ki_ decays are selected by requir- 
ing the observed K L direction to he within 45° from the 
direction expected for a two-body decay (ignoring the Bj 
cms motion). We reduce the background by means of a 
likelihood quantity that depends on the J/ifi cms momen- 
tum, the angle between the Kt_ and its nearest-neighbor 
charged track, the charged track multiplicity, and the kine- 
matics that are obtained when the event is reconstructed 
assuming a B* — * J/il/K' + (Ki_TT~ i ~) hypothesis. In addi- 
tion, we remove events that are reconstructed as B^ — 
J/ipKs, J/il/K' 0 (K- t 7T-,K S 7r 0 ). B + -> J / 'i/i K* , or 
J/^K'*(K + tt' > ,K s w + ) decays. Figure 2 shows the /4 ms 
distribution, calculated for a B,i — > J/ijiKl two -body 
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FIG. I. The beam-constrained mass distribution for all decay 

modes combined (other than flj — J/tliKi). The shaded area is 
the estimated background. The dashed lines indicate the signal 
region. 
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TABLE ]. The numbers of CP-eigenstate events. 



Mode 


N„ 


"blip! 


J/WDKsiTr'w-) 


123 


3.7 


J AW + r)Jf,(srV) 


19 


2,5 


ip(2S) (f + f-Mr 5 (n- + *r-) 


13 


0.3 


$(2S)U /fff + ir-)K s (ir+ ir~) 


II 


0.3 


XrdyJ/<!>)Ks(ir + ir-) 


3 


0.5 


T} t {K*K-7r a )K s {7r*TT-) 


10 


14 


T)AKsK*-!T-}Ks{w*w-) 


5 


0.4 


J/>(e*€-)ir° 


10 


0.9 


Sub-total 


194 


11 


J{<l>{r(-)K L 


131 


54 



decay hypothesis, for the surviving events. The histo- 
grams in the figure are the results of a fit to the signal and 
background distributions, where the shapes are derived 
from Monte Carlo (MC) simulations [7], and the normal- 
izations are allowed to vary. Among the total of 131 en- 
tries in the 0.2 s p| ms s 0.45 GeV/c signal region, the 
fit finds 77 J/ij/Ki. events. 

The leptons and charged pions and kaons among the 
tracks which are not associated with fcp are used to iden- 
tify the flavor of the accompanying B meson. Tracks are 
selected in several categories that distinguish the 6-flavor 
by the track's charge: high momentum leptons from ft — > 
cf~T>, lower momentum leptons from c — • s(*v, charged 
kaons from h —* c — * $, high momentum pions from de- 
cays of the type Bj — D 1 " 1- (v + , p + , a* . etc.), and slow 
pions from D*~ —> D tt~. For each track in one of these 
categories, we use the MC to determine the relative proba- 
bility that it originates from a B,t or B tl as a function 
of its charge, cms momentum and polar angle, particle- 
identification probability, and other kinematic and event- 
shape quantities. We combine the results front the different 
track categories (taking into account correlations for the 
case of multiple inputs) to determine a ft -flavor q, where 
q — +\ when / la8 is more likely to be a B^ and — I for a 
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FIG. 2. The p%"" distribution for Bj -» J/ij/K L candidates 
with the results of [he fit. The solid line is the signal plus back- 
ground; the shaded area is background only; the dashed lines 
indicate the signal region. 



B d . We use the MC to evaluate an event- by-event flavor- 
tagging dilution factor, r, which ranges from r = 0 for 
no flavor discrimination to r = 1 for perfect flavor assign- 
ment. We use T only to categorize the event. For the CP 
asymmetry analysis, we use the data to correct for wrong- 
flavor assignments. 

The probabilities for an incorrect flavor assignment, W) 
(/ = 1 , 6), arc measured directly from the data for six r 
intervals using a sample of exclusively reconstructed, self- 
lagged fi" — D*~fTK, D M ~ir + , and D'~p + decays. 
The ft-flavor of the accompanying B meson is assigned 
according to the above -described flavor-tagging algorithm, 
and values of Wi are determined from the amplitudes of the 
time-dependent B^-Bj mixing oscillations [8]: (Nqf — 
Nsf)/{Nof + N S f) = (1 - 2w,)cos(Am d ir). Here N 0 f 
and Nsf are the numbers of opposite and same flavor 
events. Table II lists the resulting wy values together with 
the fraction of the events (//) in each r interval. All 
events in Table I fall into one of the six r intervals. The 
total effective tagging efficiency is X//(0 "~ 2wj) 2 = 
0.270_ 0 ;o22, where the error includes both statistical and 
systematic uncertainties, in good agreement with the MC 
result of 0.274. We check for a possible bias in the flavor 
tagging by measuring the effective tagging efficiency for 
Bj and Bj self-tagged samples separately, and for different 
Ar intervals. We find no statistically significant difference. 

The vertex positions for the fcp and f as decays are 
reconstructed using tracks that have at least one three- 
dimensional coordinate determined from associated r<p 
and i hits in the same SVD layer plus one or more ad- 
ditional z hits in other SVD layers. Each vertex position 
is required to be consistent with the IP profile smeared 
in the rip plane by the B-meson decay length. (The IP 
size, determined run-by-run, is typically tr, = 100 /itn, 
<j y =■ 5 fin\, and cr z ■» 3 mm.) The fcp vertex is de- 
termined by using lepton tracks from the J/ifi or ^(25) 
decays, or prompt tracks from ?j t decays, The /tag vertex 
is determined from tracks not assigned to fcp with addi- 
tional requirements of Sr < 0.5 mm, Sz < 1.8 mm, and 
crs z < 0.5 mm, where Sr and Sz are the distances of the 
closest approach to the fcp vertex in the r<j> plane and the 
t direction, respectively, and cr^ is the calculated error of 
Sz, Tracks that form a Ks are removed. The MC indicates 
that the average zcp resolution is 75 ju.m (rms); the e lae 

TABLE 11. Experimentally determined event fractions (/i) and 
incorrect flavor assignment probabilities (wi) for each r interval. 



1 


r 


fj 


w, 


1 


Q.OOO-0.250 


0.393 ± 0.014 


o.470iS$; 


2 


0.250-0.500 


0.154 ± 0.007 


0336^ 


3 


0,500-0,625 


0.092 ± 0,005 


0.2861SSS 


-1 


0.625-0.750 


0.100 ± 0.005 


0.2I01S 


5 


0.750-0.875 


0.121 ± 0.006 


0.098!K 


6 


0.S75-I.O0O 


0.134 ± 0.006 


0.020^ 
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resolution is worse (140 /im) because of the lower aver- 
age momentum of the f a „ decay products and the smearing 
caused by secondary tracks from charmed meson decays. 

The resolution function R(At) for the proper time in- 
terval is parametrized as a sum of two Gaussian compo- 
nents: a main component due to the S VD vertex resolution, 
charmed meson lifetimes, and the effect of the cms motion 
of the B mesons, plus a tail component caused by poorly 
reconstructed tracks. The means (/i ma j n , /itaii) and widths 
(Cnmin, o"taii) of the Gaussians are calculated event-by- 
event from the fcp and f ag vertex fit error matrices; aver- 
age values are /i ma i„ = -0.09 ps, /i ta ii = -0.78 ps and 
""main = 1-54 ps, a a \\ = 3.78 ps. The negative values 
of the means are due to secondary tracks from charmed 
mesons. The relative fraction of the main Gaussian is 
determined to be 0.982 ± 0.013 from a study of B° —> 
D'~£ + v events. The reliability of the At determination 
and R(At) parametrization is confirmed by lifetime mea- 
surements of the neutral and charged B mesons [9] which 
use the same procedures and are in good agreement with 
the world average values [10]. 

We determine sm2<f>[ from an unbinned maximum- 
likelihood fit to the observed Ar distributions. The 
probability density function (pdf) expected for the signal 
distribution is given by 

-|Af|/T„o 

T slg (At,q, Wl ,£ f ) = — -{1 - i f q(\ - 2w,) 

X sin2i/>i sin(Am d Ar)}, 

where we fix the B d lifetime and mass difference at 
their world average values [10]. The pdf used for back- 
ground events is T hkg (At) = f T e~ lA ' l/Tb ^/2T bkg + 0 ~ 
f T )S(At), where f T is the fraction of the background 
component with an effective lifetime Tbkg and 5(Ar) is the 
Dirac delta function. For all fcp modes, except J/ipK L , 
we find f T = O.lO^oij and r bkg = 1.75-oJa ps using 
events in background-dominated regions of AE vs M bc . 
The J /<pK L background is dominated by B — > J /iftX de- 
cays, where some final states are CP eigenstates and need 
special treatment. A MC study shows that the background 
contribution from the f/ = -1 sources J/ipKs, ip(2S)Ks, 
and Xc\K s is 7.9%, while that from the £ f = + lift(2S)K L 
and XciKt modes is 7.0%. Thus, the effects on the CP 
asymmetry from these states nearly cancel. The remaining 
dominant CP mode, J /ipK*(K L TT a ), which accounts for 
1 9% of the total background, is taken to be a 73/27 mixture 
of £f = — 1 and + 1 , respectively, based on our measure- 
ment of the J/ip polarization in the B a d —> J /tj/K' t0 {K s ir a ) 
decay [11]. For the J /ipK'(K L ir°) background pdf, we 
use ;P s jg with effective CP eigenvalue f r = — 0.46_(^54, 
where the error has been expanded to include all possible 
values. For the non-CP background modes we use J^tg 
with f T = 1 and r bkg = t b . 

The pdfs are convolved with R(At) to determine the 
likelihood value for each event as a function of s'm2<f>[ : 



£l = J [f* g P, is (At>,q,w f ,{j) + (1 - /«ig)y bkf (Af')} 

x R(At - At')dAt', 

where / s ; g is the probability that the event is signal, cal- 
culated as a function of p^ for J /ipK^ and of AE and 
Mhc for other modes. The most probable sin2</)] is the 
value that maximizes the likelihood function L = [~[, £i, 
where the product is over all events. We performed a 
blind analysis: the fitting algorithms were developed and 
finalized using a flavor-tagging routine that does not di- 
vulge the sign of q. The sign of q was then turned on, 
and the application of the fit to all of the events listed in 
Table 1 produces the result sin2</>i = 0.58_oj4_(uo, where 
the first error is statistical and the second is systematic. 
The systematic errors are dominated by the uncertainties 
in w, Coir/) and the J/<pK L background (±0.05). Sepa- 
rate fits to the if = — 1 and f /■ = + 1 event samples give 
0.82±a4*l and 0.10+oio, respectively [12]. Figure 3(a) 
shows — 21n(L/L max ) as afunction of s'm2<f>{ for the f/ = 
— 1 and §f = + 1 modes separately and for both modes 
combined. Figure 3(b) shows the asymmetry obtained 
by performing the fit to events in Af bins separately, to- 
gether with a curve that represents sin2</) 1 sin(AmrfAr) for 
sin2</>, = 0.58. 

We check for a possible fit bias by applying the same 
fit to non-CP eigenstate modes: B d — > D'*'~77 + , D"~ p + , 
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FIG. 3. (a) Values of — 21n(L/L max ) vs sin20] for the £y = 
— 1 and + 1 modes separately and for both modes combined, 
(b) The asymmetry obtained from separate fits to each Ar bin; 
the curve is the result of the global fit (sin20i = 0.58). 
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J/tf/K*°(K + 77"), and D*~e + v, where "sin20," should be 
zero, and the charged mode B + — > J /ipK + . For all of the 
modes combined we find 0.065 ± 0.075, consistent with 
a null asymmetry. 

We have presented a measurement of the standard model 
CP violation parameter sin2</j] based on a 10.5 fb - ' data 
sample collected at the Y(45): 

sta2^, = 0.58^(stat)i&S(syst). 

The probability of observing sin2</>] > 0.58, if the true 
value is zero, is 4.9%. Our measurement is more precise 
than the previous measurements [13J and consistent with 
SM constraints [141. 
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We present measurements of time-dependent CP-violating asymmetries in neutral B decays to several 
CP eigenstates. The measurement uses a data sample of 23 X 10 6 Y(4iS) — * BB decays collected by the 
BaBar detector at the PEP-II asymmetric B Factory at SLAC. In this sample, we find events in which 
one neutral B meson is fully reconstructed in a CP eigenstate containing charmonium and the flavor of 
the other neutral B meson is determined from its decay products. The amplitude of the CP-violating 
asymmetry, which in the standard model is proportional to sin2/?, is derived from the decay time distri- 
butions in such events. The result is sin2/? — 0.34 ± 0.20 (stat) ± 0.05 (syst). 
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CP-violating asymmetries in the time distributions of 
decays of B° and B° mesons provide a direct test of the 
standard model of electroweak interactions [I J. For the 
neutral B decay modes reported here, corrections to CP- 
violating effects from strong interactions are absent, in 
contrast to the A", 0 modes in which CP violation was dis- 
covered [2], 

Using a data sample of 23 X 10 6 BB pairs recorded at 
the Y(45) resonance by the BaBar detector at the PEP-II 
asymmetric-energy e + e~ collider at the Stanford Linear 
Accelerator Center, we have fully reconstructed a sample 
Bcp of neutral B mesons decaying to the CP eigenstates 
J/ipK°, il>(2S)K°, and J/ipKf. We examine each of the 
events in this sample for evidence that the other neutral B 
meson decayed as a B° or a B , designated as a B° or B° 
flavor tag. The final Bcp sample contains about 360 signal 
events. 

When the Y(45) decays, the P-wave BB state evolves 
coherently until one of the mesons decays. In one of 



/±(Ar) = 



-lad/rjo 



x 



1 + UI 2 



2t b o(1 + |AP) 

where tb« is the B° lifetime and Amgo is the mass dif- 
ference determined from B°B° mixing [4], and where the 
lifetime difference between neutral B mass eigenstates is 
assumed to be negligible. The first oscillatory term in 
Eq. (1) is due to interference between direct decay and 
decay after mixing. A difference between the B° and B° 
distributions or a Ar asymmetry for either tag is evidence 
for CP violation. 

If all amplitudes contributing to B° — » / have the same 
weak phase, a condition satisfied in the standard model 
for charmonium-containing b — » ccs decays, then |A| = 
1. For these CP eigenstates the standard model predicts 
A = r/fe^ 2 ' 13 , where r/f is the CP eigenvalue of the state 
/ and 8 = arg[— V c( jV c > t> /V t ,iV t * b ] is an angle of the uni- 
tarity triangle of the three-generation Cabibbo-Kobayashi- 
Maskawa (CKM) matrix [5]. Thus, the time-dependent 
CP-violating asymmetry is 



J 



PACS numbers: 13.25.Hw, 12.15.Hh, ll.30.Br 

four time-order and flavor configurations, if the tagging 
meson B ag decays first, and as a B°, the other meson 
must be a B° at that same time r tag . It then evolves 
independently and can decay into a CP eigenstate Bcp 
at a later time tcp. The time between the two decays 
Ar = tap — 'tag is a signed quantity made measurable 
by producing the Y(4S) with a boost By = 0.56 along 
the collision (z) axis, with nominal energies of 9.0 and 
3.1 GeV for the electron and positron beams. The mea- 
sured distance Az ~ Bye At between the two decay ver- 
tices provides a good estimate of the corresponding time 
interval Ar; the average value of |Az| is By ergo = 
250 /Am. 

The decay-time distribution for events with a B° or a B° 
tag can be expressed in terms of a complex parameter A 
that depends on both B°B° mixing and on the amplitudes 
describing B° and B° decay to a common final state / 
[3], The distribution /+(/_) of the decay rate when the 
tagging meson is a B°(B°) is given by 



ImAsin(AmsoAr) 



1 



UP 



cos(AmsoAr) 



(1) 



A c/ >(Ar 



/ + (Ar) - /_(Ar) 



/ + (Ar) + /_(Ar) 
= -r]f sin2/3sin(Am B oAr), (2) 

where r)f = -1 for J/if/K° and ift(2S)K° and +1 for 

A measurement of Acp requires determination of the 
experimental Ar resolution and the fraction of events in 
which the tag assignment is incorrect. A mistag fraction 
w reduces the observed asymmetry by a factor (1 — 2iv). 

Several samples of fully reconstructed B° mesons are 
used in this measurement. The Bqp sample contains 
candidates reconstructed in the CP eigenstates 

J/ll>K°(K° — 77- + 7T--, TrV), lp(2S)Kf(Kf -> 77- + 7T--), 

and J/<ftK®. The J/ift and ift(2S) mesons are reconstructed 
through their decays to e + e~ and /a + /a~; the ip(2S) is 
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also reconstructed through its decay to J '/ip 77 + tt~ . A 
sample of B decays Bfiav [6] used in the determination 
of the mistag fractions and A? resolution functions 
consists of the channels D l -*^~h + (h + = 77 + ,p + ,a l f ) and 
J/ipK*°(K*° -> K + ir~). A control sample of charged B 
mesons decaying to the final states J/ipK^ + , ip(2S)K + , 
and £)'*'°7r + is used for validation studies. 

A description of the BaBar detector can be found in 
Ref. [7]. Charged particles are detected and their momenta 
measured by a combination of a silicon vertex tracker 
(SVT) consisting of five double-sided layers and a cen- 
tral drift chamber (DCH), in a 1.5-T solenoidal field. The 
average vertex resolution in the z direction is 70 /j,m for 
a fully reconstructed B meson. We identify leptons and 
hadrons with measurements from all detector systems, in- 
cluding the energy loss (dE/dx) in the DCH and SVT. 
Electrons and photons are identified by a Csl electromag- 
netic calorimeter (EMC). Muons are identified in the in- 
strumented flux return (IFR). A Cherenkov ring imaging 
detector (DIRC) covering the central region, together with 
the dE/dx information, provides K-tt separation of at 
least 3 standard deviations for B decay products with mo- 
mentum greater than 250 MeV/c in the laboratory. 

We select events with a minimum of three reconstructed 
charged tracks, each having a laboratory polar angle be- 
tween 0.41 and 2.54 rad and an impact parameter in the 
plane transverse to the beam less than 1.5 cm from the 
beam line. The event must have a total measured energy 
in the laboratory greater than 4.5 GeV within the fiducial 
regions for charged tracks and neutral clusters. To help re- 
ject continuum background, the second Fox- Wolfram mo- 
ment [8] must be less than 0.5. 

An electron candidate must have a ratio of calorimeter 
energy to track momentum, an EMC cluster shape, a DCH 
dE/dx, and a DIRC Cherenkov angle (if available) con- 
sistent with an electron. 

A muon candidate must satisfy requirements on the mea- 
sured and expected number of interaction lengths pene- 
trated, the position match between the extrapolated DCH 
track and IFR hits, and the average and spread of the num- 
ber of IFR hits per layer. 

A track is identified as a kaon candidate by means of 
a neural network that uses dE/dx measurements in the 
DCH and SVT, and comparison of the observed pattern of 
detected photons in the DIRC with that expected for kaon 
and pion hypotheses. 

Candidates for J/if/ — ► t + t~ must have at least one de- 
cay product identified as a lepton (electron or muon) can- 
didate or, if outside the calorimeter acceptance, must have 
DCH dE/dx information consistent with the electron hy- 
pothesis. Tracks in which the electron has radiated are 
combined with bremsstrahlung photons, reconstructed as 
clusters with more than 30 MeV lying within 35 mrad in 
polar angle and 50 mrad in azimuth of the projected photon 
position on the EMC. The second track of a /j, + /j,~ pair, 
if within the acceptance of the calorimeter, must be con- 
sistent with being a minimum ionizing particle. Two iden- 



tified electron or muon candidates are required for J/ip or 
ip(2S) — ► t + t~ reconstruction in the higher-background 
i/t(2S)Kf and J/if>K° channels. 

We require a J/ip candidate to have 2.95 < tn e - e - £ 
3.14 GeV/c 2 or 3.06 < m/1> - < 3.14 GeV/c 2 , and 
a t//(2S) —> £ + £~ candidate to have 3.44 < m e -,- =s 
3.74 GeV/c 2 or 3.64 < m^ v - < 3.74 GeV/c 2 . Re- 
quirements are made on the lepton helicity angle in order 
to provide further discrimination against background. For 
the if>(2S) — ► J/ipTT + ir~ mode, mass-constrained J/if/ 
candidates are combined with pairs of oppositely charged 
tracks considered as pions; the resulting mass must be 
within 15 MeV/c 2 of the ip{2S) mass [4]. 

A K® — ► 77+7J-" candidate must satisfy 489 < 
m w * w - < 507 MeV/c 2 . The distance between the J/if/ 
or ip(2S) and K® vertices is required to be at least 
1 mm. 

Pairs of 77° candidates with total energy above 800 MeV 
are considered as Kf candidates for the J/if>K° mode. We 
determine the most probable Kf decay point along the path 
defined by the initial K® momentum vector and the J/if/ 
vertex by maximizing the product of probabilities for the 
daughter 77° mass-constrained fits. Allowing for vertex 
resolution, we require the displacement from the J/ip ver- 
tex to the decay point to be between - 10 and +40 cm and 
the 77° 77° mass evaluated at this point to be between 470 
and 550 MeV/c 2 . 

A K® candidate is formed from a cluster not matched 
to a reconstructed track. For the EMC the cluster must 
have energy above 200 MeV, while for the IFR the clus- 
ter must have at least two layers. We determine the K° L 
energy by combining its direction with the reconstructed 
J/ip momentum, assuming the decay B° — ► J/ipK®. To re- 
duce photon backgrounds, EMC clusters consistent with 
a 77° — > 7-y decay are rejected and the transverse miss- 
ing momentum of the event projected on the K° candidate 
direction must be consistent with the K® momentum. In 
addition, the center-of-mass J/ip momentum is required to 
be greater than 1.4 GeV/c. 

Bcp candidates used in the analysis are selected by re- 
quiring that the difference A£ between the energy of the 
Bcp candidate and the beam energy in the center-of-mass 
frame be less than 3 standard deviations from zero and that, 
for K® modes, the beam-energy substituted mass rngs = 
V(EbSm) 2 - (PB m ) 2 must be greater than 5.2 GeV/c 2 . 
The resolution for A£ is about 10 MeV, except for J/if>K° 
(3 MeV) and the Kf -► 77°77° mode (33 MeV). For the 
purpose of determining numbers of events, purities, and 
efficiencies, a signal region m^s > 5.27 GeV/c 2 is used 
for all modes except J/i^K) \ 

Figure 1 shows the resulting A£ and mes distributions 
for Bcp candidates containing a Kf, and A£ for the can- 
didates containing a ATf. The Bcp sample is composed of 
890 events in the signal region, with an estimated back- 
ground of 260 events, predominantly in the J/i(>K® chan- 
nel. For that channel, the composition, effective rjf, and 
A £ distributions of the individual background sources are 
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FIG. I. (a) Distribution of hies and &E for Bee candidates 
having a K[! in the final slate; (b) distribution of AE for JfftK" 
candidates. 



taken either from a Monte Carlo simulation (for B decays 
to J/iji) or from the m<-<- sidebands in data. 

For flavor tagging, wc exploit information from the in- 
completely reconstructed other B decay in the event. The 
charge of energetic electrons and muons from semileptonic 
B decays, kaons, soft pions from D" decays, and high mo- 
mentum charged particles is correlated with the flavor of 
the decaying h quark: e.g., a positive leplon yields a B n 
tag. Each event is assigned to one of four hierarchical, 
mutually exclusive tagging categories or is excluded from 
further analysis. The mi stag fractions and efficiencies of 
all categories are determined from data, 

A leplon tag requires an electron or muon candidate wilh 
a center-of- mass momentum ;\ m > 1.0 or 1. 1 GeV/c, re- 
spectively. This efficiently selects primary leptons and 
reduces contamination due to oppositely charged leptons 
from semileptonic charm decays. Events meeting these 
criteria are assigned to the leplon category unless the lep- 
lon charge and the net charge of all kaon candidates indi- 
cate opposite tags. Events without a lepton tag but with a 
nonzero net kaon charge are assigned to the kaon category. 

All remaining events are passed to a neural network al- 
gorithm whose main inputs are the momentum and charge 
of the track with the highest centcr-or-mass momentum, 
and the outputs of secondary networks, trained with Monte 
Carlo samples to identify primary leptons, kaons, and soft 
pions. Based on the output of the neural network algo- 
rithm, events are tagged as B° or B° and assigned to the 
NTl (more certain tags) or NT2 (less certain tags) cate- 
gory, or not tagged at all. The tagging power of the NTl 
and NT2 categories arises primarily from soft pions and 
from recovering unidentified isolated primary electrons 
and muons. 



Table I shows the number of tagged events and the signal 
purity, determined from fits to the wjes (K.? modes) or A£ 
(K? mode) distributions. The measured efficiencies for the 
four lagging categories are summarized in Table 11. 

The uncertainty in the Ar measurement is dominated 
by the measurement of the position Zi ac of the tagging 
vertex. The tagging vertex is determined by fitting (he 
tracks not belonging to the Bct> (or Bttet) candidate to 
a common vertex. Reconstructed Kf and A candidates 
are used as input to the fit in place of their daughters. 
Tracks from y conversions are excluded from ihe fit. To 
reduce contributions from charm decay, which bias the 
vertex estimation, the track with the largest vertex x 2 
contribution greater than 6 is removed and the fit is redone 
until no track fails the x 1 requirement or fewer lhan two 
tracks remain. The average resolution for Az = zep — 
z,aj is 190 jxm. The time interval Ar between the two 
it decays is [hen determined from the A; measurement, 
including an event-by-evenl correclion for the direction of 
the B with respect to the z direction in the Y(45) frame. An 
accepted candidate must have a converged fit for the Her 
and B U g vertices, an error of less than 400 /nil on As, and 
a measured |A?j < 3 mm; 86% of the B c p events satisfy 
this requirement. 

The sin2^3 measurement is made with an unbinned 
maximum likelihood lit to the A( distribution of the com- 
bined Bcp and Bf[ ov tagged samples. The A( distribution 
of the former is given by Eq. (1), with |A| = I. The latter 
evolves according to the known rate for flavor oscillations. 
in neutral B mesons. The amplitudes for Bcr asymmetries 
and for Bjjj, flavor oscillations are reduced by the same 



TABLE I. Number of tagged events, signal purity, and result 
of filling for CP asymmetries in ihe full CP sample and in 
various subsamples, as well as in the Briuv and charged B control 
samples. Purity is the fitted number of signal events divided by 
the total number of events in Ihe A£ and m^ signal region 
delined in the text. Errors are statistical only. 



Sample 


w* 


Parity {%) 


sin20 


J/</iKlitf(2S)K'! 
J/tpK? 


273 
256 


96 
39 


\ 


1 

6 


0.25 ± 0.22 
0.87 ± 0.51 


Full CP sample 


529 


69 


1 


2 


0.34 ± 0.2O 


J/<SiK<>, ili(2S)K<> only 


}{4rK% (JEf - tt'V 0 } 


188 
41 

44 


98 
85 
97 


f 


1 

6 
3 


0.25 ± 0.26 

-0.05 ± 0.66 

0.40 ± 0.50 


Leplon tags 
Kaon lags 

NTl tags 
NT2 tags 


34 
156 
28 
55 


99 
96 
97 
96 


-F 

1 

t 


2 
2 
3 
3 


0.07 ± 0.43 

0.40 ± 0.29 

-0.03 ± 0.67 

0.09 ± 0.76 


B" tags 
B° tags 


141 
132 


96 

97 


I 


2 

2 


0.24 ± 0.31 
0.25 ± 0.30 


/>',..,, sampli- 


4637 


SO 


., 


1 


0.03 ± 0.05 


Charged B sample 


5 1 65 


'10 


+ 


1 


0.02 ± 0.05 
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TABLE II. Average mistag fractions w/ and mistag differences Aw, = w;(B°) — w,(B°) ex- 
tracted for each tagging category i from the maximum-likelihood fit to the time distribution for 
the fully reconstructed 8° sample (8n av + Bct>). The figure of merit for tagging is the effective 
tagging efficiency Q ( — e,(l — 2w,) 2 , where e ; is the fraction of events with a reconstructed 
tag vertex that is assigned to the z'th category. Uncertainties are statistical only. The statistical 
error on sin2/8 is proportional to 1/V6. where Q = Y.Qi- 



Category 


E (%) 


w (%) 


Aw (%) 


Q (%) 


Lepton 


10.9 ± 0.4 


11.6 ± 2.0 


3.1 ± 3.1 


6.4 ± 0.7 


Kaon 


36.5 ± 0.7 


17.1 ± 1.3 


-1.9 ± 1.9 


15.8 ± 1.3 


NT1 


7.7 ± 0.4 


21.2 ± 2.9 


7.8 ± 4.2 


2.6 ± 0.5 


NT2 


13.7 ± 0.5 


31.7 ± 2.6 


-4.7 ± 3.5 


1.8 ± 0.5 


All 


68.9 ± 1.0 






26.7 ± 1.6 



factor (1 — 2w) due to mistags. The distributions are both 
convoluted with a common Ar resolution function and 
corrected for backgrounds, incorporated with different 
assumptions about their Ar evolution and convoluted with 
a separate resolution function. Events are assigned signal 
and background probabilities based on fits to mgs (all 
modes except J/ijjK®) or AE (J/ijjK®) distributions. 

The At resolution function for signal candidates is rep- 
resented by a sum of three Gaussian distributions with dif- 
ferent means and widths. For the core and tail Gaussians, 
the widths are scaled by the event-by-event measurement 
error derived from the vertex fits; the combined rms error 
is 1 . 1 ps. A separate offset for the core distribution is al- 
lowed for each tagging category to account for small shifts 
caused by inclusion of residual charm decay products in 
the tag vertex; a common offset is used for the tail compo- 
nent. The third Gaussian (of fixed 8 ps width) accounts for 
the fewer than 1 % of events with incorrectly reconstructed 
vertices. Identical resolution function parameters are used 
for all modes, since the B tag vertex precision dominates 
the At resolution. 

A total of 35 parameters are varied in the final fit, in- 
cluding the values of sin2/3 (1), the average mistag frac- 
tion w and the difference A w between B° and B° mistags 
for each tagging category (8), parameters for the signal At 
resolution (9), and parameters for background time depen- 
dence (6), Ar resolution (3) and mistag fractions (8). The 
determination of the mistag fractions and signal At res- 
olution function is dominated by the high-statistics Bfi av 
sample, while background parameters are governed by 
events with m ES < 5.27 GeV/c 2 (except J/ipK 1 ?). We fix 
t b o = 1.548 psandAm B o = 0.472/i ps -1 [4]. The largest 
correlation between sin2/3 and any linear combination of 
the other free parameters is 0.076. 

The measurement of sin2/3 was performed as a blind 
analysis by hiding the value of sin2/3 obtained from the 
fit, as well as the CP asymmetry in the At distribution, 
until the analysis was complete. This allowed us to study 
statistical and systematic errors without knowing the nu- 
merical value of sin2/3. 

The measured mistag rates obtained from the likeli- 
hood fit for the four tagging categories are summarized 
in Table II. As a check, the mistag rates were evaluated 



with a sample of about 16000 D"~€ + Vt events and found 
to be consistent with the results from the hadronic decay 
sample. 

The combined fit to the CP decay modes and the flavor 
decay modes yields 

sin2/3 = 0.34 ± 0.20 (stat) ± 0.05 (syst) . 

The decay asymmetry A C p as a function of Ar and the 
log likelihood as a function of sin2/3 are shown in Fig. 2. 
If |A| is allowed to float in the fit, the value obtained is 
consistent with 1 and there is no significant difference in 
the value of — ?jyImA/|A| (identified with sin2/3 in the 
standard model) and our quoted result. Repeating the fit 
with all parameters fixed to their determined values except 
sin2/3, we find that a total contribution of ±0.02 to the er- 
ror on sin2/3 is due to the combined statistical uncertainties 
in mistag rates, Ar resolution, and background parameters. 

The dominant sources of systematic error are the as- 
sumed parametrization of the At resolution function (0.04), 
due in part to residual uncertainties in the SVT alignment, 
and uncertainties in the level, composition, and CP asym- 
metry of the background in the selected CP events (0.02). 
The systematic errors from uncertainties in Amgo and Tg» 
and from the parametrization of the background in the se- 
lected fifiav sample are found to be negligible. An increase 
of 0.02/i ps -1 in the assumed value for Am B o decreases 
sin2/3 by 0.012. 

The large sample of reconstructed events allows a num- 
ber of consistency checks, including separation of the data 
by decay mode, tagging category, and B tag flavor. The re- 
sults of fits to these subsamples are shown in Table I for 
the high-purity A^ s ° events. Table I also shows results of 
fits with the samples of non-Cf decay modes, where no 
statistically significant CP asymmetry is found. 

Our measurement of sin2/3 is consistent with, but im- 
proves substantially on the precision of, previous determi- 
nations [9]. The central value is consistent with the range 
implied by measurements and theoretical estimates of the 
magnitudes of CKM matrix elements [ 1 0] ; it is also con- 
sistent with no CP asymmetry at the 1 .7cr level. 

We thank our PEP-II colleagues for their extraordi- 
nary achievement in reaching design luminosity and high 
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FIG. 2. The raw asymmetry in the number of B () and B (] tags in 
the signal region, (AV — A's'O/fAV + A#"), with asymmetric 
binomial errors, as a function of Ar for (a) the J/ipK® and 
ifi(2S)K° modes {r) f = -1) and (b) the y/^A",° mode (77/ = 
+ 1). The solid curves represent the lime-dependent asymmetries 
determined for the central values of sin2/3 from the fits for 
these samples. Eight events that lie outside the plotted interval 
were also used in the fits. The probability of obtaining a lower 
likelihood, evaluated using a Monte Carlo technique, is 60%. 
(c) Variation of the log likelihood as a function of sin2^ for the 
modes containing K® (dashed curve), the J/tJ/K^ mode (dotted 
curve), and the entire sample (solid curve). For the latter, solid 
lines indicate the central value and values of the log likelihood 
corresponding to I statistical standard deviation. 
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Neutral B mesons (bq, with q = d, s for B () „ B 1 }) oscil- I\, „ 

late from particle to antiparticle due to flavor-changing - v ' % ~ "^^"V-U 

weak interactions. The probability density P+ (P_) for a 

B® meson produced at proper time t — 0 to decay as a B® where Am^ is the mass difference between the two mass 

(#'}) at time t is given by eigenstates B {) qH and B l) qL [1], and T q is the decay width, 
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which is assumed to be equal for the two mass eigenstates. 
The mass differences Am,/ and Am, can be used to deter- 
mine the fundamental parameters \V, d \ and |V a |, respec- 
tively, of the Cabibbo-Kobayashi-Maskawa (CKM) matrix 
[2], which relates the quark mass eigenstates to the flavor 
eigenstates. This determination, however, has large theo- 
retical uncertainties. A measurement of Am, combined 
with \m d = 0.505 ± 0.005 ps~' [3,4] would determine 
the ratio |V, ( //V,,I with a significantly smaller theoretical 
uncertainty, contributing to a stringent test of the unitarity 
of the CKM matrix. Earlier attempts to measure Am, have 
yielded a lower limit: Am, > 14.5 ps -1 [3,5] at the 95% 
confidence level (C.L.). Recently the DO Collaboration 
reported 17 ps" 1 < Am, < 21 ps" 1 at 90% C.L. [6] using 
a large sample of semileptonic B, [7J decays. 

In this Letter we report a measurement of Am, using 
data from 1 fb - ' of pp collisions at -Js = 1.96 TeV 
collected by the CDF II detector at the Fermilab 
Tevatron. We begin by reconstructing B,. decays in had- 
ronic (B° s — 'D^w~, D* it~ tt + it~ ) and semileptonic 
(B? — > Ds l~ i>e, t = e or /i) decay modes using charged 
particles only [8]. Using the method of maximum like- 
lihood, we extract the value of Am, from the proba- 
bility density functions (PDFs) that describe the measured 
time development of B, mesons that decay with the same 
or opposite flavor as their flavor at production. The proper 
decay time for each B, is calculated from the measured 
distance between the production and decay points, the 
measured momentum, and the B, mass m B = 
5.3696 GeV/c 2 [3]. The B, flavor (b or b) at decay is 
determined unambiguously by the charges of the decay 
products. 

To identify the flavor of the B, at production, we use 
characteristics of b quark production and fragmentation in 
pp collisions. At the Tevatron, the dominant b quark 
production mechanisms produce bb pairs. The b and b 
are expected to fragment independently into hadrons. In a 
simple model of fragmentation, a b quark becomes a B ( ,' 
meson when some of the energy of the b quark is used to 
produce an ss quark pair. The b and the J bind to form a B 1 , 1 . 
The remaining 5 quark may form a A"~. Similarly, a b that 
becomes a B 1 ,' is accompanied by a K + . One of the two 
techniques used to identify the production flavor of the B, 
is based on the charge of these kaons (same-side tag). The 
second technique uses the charge of the lepton from semi- 
leptonic decays or a momentum-weighted charge of the 
decay products of the second b hadron produced in the 
collision (opposite-side tag). 

The hadronic and semileptonic decay modes are com- 
plementary. Because of the large branching ratio, the semi- 
leptonic decays provide a tenfold advantage in signal rate 
at the cost of significantly worsened decay-time resolution 
due to the unmeasured v momentum. Semileptonic decays 
dominate the sensitivity to oscillations at lower values of 
Am,. The fully reconstructed hadronic B v decays have 



superior decay-time resolution, and our large sample of 
these decays is the unique feature that makes CDF sensi- 
tive to much larger values of Am, than other experiments. 

The CDF II detector [9] consists of a magnetic spec- 
trometer surrounded by electromagnetic and hadronic cal- 
orimeters and muon detectors [10]. The key features for 
this measurement include precision vertex determination 
provided by the seven-layer double-sided inner silicon strip 
detector [11,12] supplemented with a single-sided layer of 
silicon [13] mounted directly on the beam pipe at an 
average radius of 1 .5 cm. The 96-layer outer drift chamber 
[ 14] is used for both precision tracking and dE/dx particle 
identification. Time-of-flight (TOF) counters ]I5J located 
just outside the drift chamber are used to identify low 
momentum charged kaons. 

Charm and bottom hadrons are selected using a three- 
level trigger system that exploits the kinematics of produc- 
tion and decay, and the long lifetimes of D and B mesons. 
A crucial component of the trigger system for this mea- 
surement is the Silicon Vertex Trigger [16], which selects 
events that contain B? — * D* it~ and D* ir~ ir + ir~ decays. 
The trigger configuration used to collect the heavy flavor 
data sample is described in [17]. 

To reconstruct B° s candidates, we first select D* candi- 
dates. We use Df — <j>tt + , Ar*{892)°Ar + , and tt + tt~ tt+ , 
with <p — » K + K~ and K"° — ► K + tt~\ we require that 0 
and K*° candidates be consistent with the known masses 
and widths [3] of these two resonances. These D* candi- 
dates are combined with one or three additional charged 
particles to form Df£~, D^tt~, or D*-n-~-n- + 7r~ candi- 
dates. The Djt and other decay products of a B? candidate 
are constrained to originate from a common vertex in three 
dimensions. For the A" > (892)"A' + final state, we remove 
candidates that are consistent with the decay D + — * 
K~ it + it + . We use a likelihood technique to identify 
muons [18] and electrons [19]. 

Backgrounds are suppressed by imposing a requirement 
on the minimum transverse momentum p T [20] of the B° s 
and by requiring that the B° s and Df decay vertices are 
displaced significantly from the pp collision position. We 
find signals of 3600 hadronic B, decays and 37 000 semi- 
leptonic B s decays. 

For the hadronic decays, the invariant mass distribution 
(see Fig. 1) has a signal centered close to m B = 
5.3696 GeV/c 2 with a width of 14 to 20 MeV/c 2 , depend- 
ing on the decay mode. Candidates with masses greater 
than 5.5 GeV/c 2 are used to construct PDFs for combina- 
torial background. To remove contributions from B ( ' — ► 
D* + -jr~,B° — * Df p~ , and semileptonic and other partially 
reconstructed decays, we require the mass of the decay 
candidates to be greater than 5.3 GeV/c 2 . For semilep- 
tonic decays we take into account several background 
contributions, including B meson decays to two charm 
mesons and real D, mesons associated with a false lepton. 

The decay time in the B, rest frame is t = 
K[L T m B J p T \ where L T is the displacement of the B, 
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FIG. 1 . The invariant mass distributions For B^ 1 —* D* 77 (left 
panel) and D< ir~ it* 77" (right pane]). 



decay vertex with respect to the primary vertex projected 
onto the B s transverse momentum vector. The factor k 
corrects for missing momentum in the semileptonic decays 
(k — I for hadronic decays). To improve the decay-time 
resolution, we use event-by-event primary-vertex position 
measurements when computing the B ( vertex displace- 
ment. The signal decay-time distribution is modeled with 
P{.t:,a,) = &Ui) fY s e~ T -''Q(t l - lj,(T,)dt', where t, is 
the measured decay time of the /th candidate, T s is the 
Bj decay width, (g(x — p., it) is a Gaussian distribution of 
the random variable x with mean ft, and width ir, and ir,. is 
the estimated candidate decay-time resolution. The decay- 
lime efficiency function e(i) describes trigger and selection 
biases on the decay-time distribution and is determined 
from Monte Carlo simulation. For semileptonic decays, the 
k distribution is determined from Monte Carlo simulation 
and is convoluted with the signal decay-time distribution. 
The missing transverse momentum from unreconstructed 
particles in the semileptonic decays is an important con- 
tribution to the decay-time resolution. To reduce this con- 
tribution and make optimal use of the semileptonic de- 
cays, we determine the k distribution as a function of the 
invariant mass of the D s £ pair, m l} t . The rms width of the 
k distribution is 3% (20%) for m 0i( => 5.2 GeV/c 2 
(3.0 GeV/e 2 ). 

We estimate the decay-time resolution it, for each 
candidate using the measured track parameters and their 
estimated uncertainties. We calibrate this estimate using a 
large sample of prompt D* mesons [21], which we com- 
bine with one or three charged particles from the primary 
vertex to mimic signal topologies. For hadronic decays, the 
average decay-time resolution is 87 fs, which corresponds 
to one-fifth of an oscillation period at the lower limit on 
A in, (14.5 ps _l ). For semileptonic decays, the decay-time 
resolution is worse due to decay topology and the missing 
momentum of unreconstructed decay products. For ex- 
ample, at / = 0, o-, = 100 fs (200 fs) for m Di , = 
5.2 GeV/c 2 (3.0 GeV/c 2 ) and increases to <r, - 1 15 fs 
(380 fs) at r = 1,5 ps. 

The flavor of the B, at production is determined using 
both opposite-side and same-side flavor tagging tech- 



niques. The effectiveness Q = eC 2 of these techniques 
is quantified with an efficiency e, the fraction of signal 
candidates with a flavor tag, and a dilution D = 1 — 2n>, 
where w is the probability that the tag is incorrect. 

Opposite-side tags infer the production flavor of the B„ 
from the decay products of the b hadron produced from the 
other b quark in the event. We use lepton (e and fi.) charge 
and jet charge as tags, building on techniques developed 
for a CDF run I measurement of Aim,; [22]. If both lepton 
and jet-charge tags are present, we use the lepton lag, 
which has a higher average dilution. 

The dilution of opposite- side flavor tags is expected to 
be independent of the type of B meson that produces the 
hadronic or semileptonic decay. The dilution is measured 
in data using large samples of B~ , which do not change 
flavor, and B°, which can be used after accounting for their 
well-known oscillation frequency. The combined opposite- 
side tag effectiveness is £J = 1.5% ± 0. 1%, where the 
uncertainty is dominated by the statistics of the control 
samples. 

Same-side flavor tags [23] are based on the charges of 
associated particles produced in the fragmentation of the b 
quark that produces the reconstructed B ( . In the simplest 
picture of fragmentation, a jt + (ir - ) accompanies the 
formation of a B~ (B + ), a v~ (tt + ) accompanies a B° 
(B 0 ), and a K~ (K * ) accompanies a #° (B% In run I, CDF 
established this method of production flavor identification 
in measurements of Am,, |24j and the CP symmetry vio- 
lating parameter sin(2/3) [251. I" m ' s analysis, we use 
dE/cix [ 1 9] and TOF information in a combined particle 
identification likelihood to identify the kaons associated 
with B, production. Tracks close in phase space to the B s 
candidate are considered as same-side kaon tag candidates, 
and the track with the largest kaon likelihood is selected as 
the tagging track. 

The performance of the same-side kaon tag for B? is 
expected to be different than for B ' and fl°. We predict 
the dilution using simulated data samples generated with 
the pythia Monte Carlo program [26]. Control samples of 
B~ and 8° are used to validate the predictions of the 
simulation. The effectiveness of this flavor tag increases 
with the p T of the B°; we find Q = 3.5% (4.0%) in the 
hadronic (semileptonic) decay sample. The fractional un- 
certainty on Q is approximately 25%, This uncertainty 
is dominated by the differences between data and simula- 
tion for kaons found close in phase space to the B° [27 1 and 
for the performance of the same-side kaon tag when ap- 
plied to B". 

If both a same-side tag and an opposite-side tag are- 
present, we combine the information from both tags as- 
suming they are uncorrected. The addition of the same- 
side kaon tag increases the effective sample statistics by 
more than a factor of 3. 

We use an unbinned maximum likelihood fit to search 
for B s oscillations. The likelihood combines mass, decay- 
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time, decay-time resolution, and flavor tagging informa- 
tion for each candidate and includes terms for signal and 
each type of background. The fit is done in three stages. 
First, a combined mass and decay-time fit is performed to 
separate signal from background and to fix mass and 
decay-time models. Combined fits for B, mass (Fig. 1) 
and decay width in hadronic samples and for decay width 
in the semileptonic samples yield measurements consistent 
with established values (3], Second, flavor asymmetries are 
measured for background components. The third step is a 
fit for B^-B 1 ' oscillations; the mass and decay-time models 
and background asymmetries are fixed from the previous 
two stages. 
The signal PDF has the general form: 



SAti, <*,,, 2?,-) 



x gfe 



l\ 



e~ T S[l ± jaa>,c0s(AiJ!/)] 



l'.<T,.W. 



ill 



where Z>, is the ith candidate dilution, and f,, a, . Q, and 
e(f) have been defined previously. Following the method 
described in [281, we lit for the oscillation amplitude JA 
while fixing Am, to a probe value. When all detector 
effects (£),-, it,) are calibrated, the oscillation amplitude 
is expected to be consistent with JA — 1 when the probe 
value is the true oscillation frequency, and consistent with 
^A = 0 when the probe value is far from the true oscilla- 
tion frequency. Figure 2 (upper panel) shows the fitted 
value of the amplitude as a function of the oscillation 
frequency. The sensitivity of the measurement is defined 
by the maximum value of Am, where A — I is excluded 
at 95% C.L. if the measured value of JA were zero. Our 
sensitivity is 25.8 ps ' and exceeds the combined sensi- 
tivity of all previous experiments [3], At Am,. = 
17.3 ps -1 , the observed amplitude S\ = 1.03 ± 
0.28(stat) is consistent with unity, indicating that the data 
are compatible with B®-B° oscillations with that frequency, 
while the amplitude is inconsistent with zero: JAjfTj^ — 
3.7, where <J\a is the uncertainty on JA, The negative 
amplitudes measured at frequencies slightly below and 
slightly above the peak frequency arc expected and arc 
due to the finite range in signal decay time that is imposed 
by the trigger and selection criteria. The systematic uncer- 
tainty on JA is mainly due to uncertainties on <r, and 23,. 
Since the effect of these uncertainties on JA and tr^ are 
correlated, the ratio JA/<t a has negligible systematic 
uncertainty. 

The significance of the potential signal is evaluated from 
A = log[£ /£ J * = l {Am J )], which is the logarithm of 
the ratio of likelihoods for the hypothesis of oscillations 
( JA — 1 ) at the probe value and the hypothesis that J\ = 
0, which is equivalent to random production flavor lags. 
Figure 2 (lower panel) shows A as a function of Am 3 . 
Separate curves are shown for the semileptonic data alone 
(dash-dotted line), the hadronic data alone (doited line), 
and the combined data (solid line). A minimal value of 
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FIG. 2, (Upper panel) The measured amplitude values and 
uncertainties versus the B [ l~$l oscillation frequency Aw,. 
Shown in light gray and dark gray are the 95% one-sided 
confidence level bands for statistical uncertainties only and 
including systematic uncertainties, respectively. (Lower 
panel) The logarithm of the ratio of likelihoods Tor amplitude 
equal to zero and amplitude equal to one, A = 
ltjg[£- 5, " 0 /£ J, " 1 (im J )], versus the oscillation frequency. The 
dashed horizontal line indicates the value of A that corresponds 
to a probability of \% in the case of randomly tagged data. 



A = -6.75 is observed at Am, = 17.3 ps" 1 . The signifi- 
cance of the signal is quantified by the probability that 
randomly tagged data would produce a value of A lower 
than -6.75 at any value of Am,. We repeat the fit 50000 
times with random tagging decisions, and we find this; 
probability is 0.2%. 

Under the hypothesis that the signal is due to B°-Bf 
oscillations, we fix ^ = 1 and fit for the oscillation fre- 



quency. We find Am, 
and the range 



17.31Ig;g(slat) ± 0.07(syst) ps" 



17.01 ps' 



< Amj< 17.84 ps -1 
(16.96 ps" 1 < Am, < 17.91 ps -1 ) at 90% (95%) C.L. 
All systematic uncertainties affecting JA arc unimportant 
for Am,. The only non- negligible systematic uncertainty 
on Am, is from the uncertainty on the absolute scale of the 
decay-time measurement. Contributions to this uncertainty 
include biases in the primary- vertex reconstruction due to 
Ihe presence oTthe opposile-side b hadron, uncertainties in 
the silicon-detector alignment, and biases in track fitting. 
The measured B^-B? oscill ation fre quency is used to derive 

the ratio \V ld /V, s \ = £ J^f ^. As inputs we use 

m^fi/m^i = 0.983 90 [29] with negligible uncertainty. 
Am,, = 0.505 ± 0.005 ps -1 [3], and £ = 1,21 +°;<$ [30]. 
We find |V*f/V„| - O^OStffitexpO^ffitheor)." 

In conclusion, we present the first precise measurement 
of Am,. The value of Am, is consistent with standard 
model expectations [31] and with previous bounds. Our 
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measured value of Am, allows us to determine |V, (( /V, t | 
with unprecedented precision and can be used to improve 
constraints on the unitarity of the CKM matrix and on 
scenarios involving new physics. 
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We present evidence for D°-D° mixing in D° — <- K + tt~ decays from 384 fb _1 of e + e~ colliding-beam 
data recorded near y/s — 10.6 GeV with the BABAR detector at the PEP-II storage rings at the Stanford 
Linear Accelerator Center. Wc find the mixing parameters x' 2 — [—0.22 ± 0.30(stat) ± 0.21(syst)] X 
10" 3 and/ = [9.7±4.4(stat)±3.1(syst)]X \0~ 3 and a correlation between them of -0.95. This result is 



211802-3 



BaBar Collaboration 



485 



PRL 98, 211802(2007) 



PHYSICAL REVIEW LETTERS 



week ending 
25 MAY 2007 



inconsistent with the no-mixing hypothesis with a significance of 3.9 standard deviations. We measure R p , 
the ratio of doubly Cabibbo-suppressed to Cabibbo-favored decay rates, to be [0.303 ±0.016(stat) ± 
0.010(syst)]%. Wc find no evidence for CP violation. 
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Quantum-mechanical mixing of neutral-meson particle- 
antiparticle states has been observed in the K [l"\, 3 [2], and 
B, [3] systems but not yet in the D system. D mesons, 
which contain a charm quark, are the only system where 
contributions of down-type quarks in the mixing loop can 
be explored. In the standard model (SM), the D°-D° mix- 
ing rate is expected to be very small (10~ 4 or less), due to 
Glashow-Iliopoulos-Maiani suppression of the first two 
quark generations and Cabibbo-Kobayashi-Maskawa sup- 
pression of the third [4]. Long-distance effects from inter- 
mediate states coupling to both D° and D° also contribute, 
making precise prediction and interpretation difficult [5]. 
We present evidence for D mixing consistent with these 
expectations and with previous experimental limits [6]. 

To the extent that only the first two generations are 
involved, CP violation is expected to be well below the 
sensitivity of this experiment, although non-SM processes 
could enhance either mixing or CP violation. We compare 
D° and D° samples separately and find no evidence for CP 
violation. 

We study the right-sign (RS), Cabibbo-favored (CF) 
decay D° — ► K~tt + [7] and the wrong-sign (WS) decay 
D° — > K + tt~ . The latter can be produced via the doubly 
Cabibbo-suppressed (DCS) decay D° — > K + w~ or via 
mixing followed by a CF decay D° — > D° — > K + tt~ . The 
DCS decay has a small rate R D of order tan 4 f? c ~ 0.3% 
relative to CF decay, with 0 C the Cabibbo angle. We 
distinguish D° and D° by their production in the decay 
D* + — > irl D°, where the irj is referred to as the "slow 
pion." In RS decays, the tt^ and the kaon have opposite 
charges, while in WS decays the charges are the same. The 
time dependence of the WS decay rate is used to separate 
the contributions of DCS decays from D°-D° mixing. 

The D° and D° mesons are produced as flavor eigen- 
states but evolve and decay as mixtures of the eigenstates 
D] and D 2 of the Hamiltonian, with masses and widths M\, 
T, and M 2 , T 2 , respectively. Mixing is characterized by the 
mass and lifetime differences AM = M ] — M 2 and AT = 
T, — T 2 . Defining the parameters x = AM/T and y = 
Ar/2r, where r = {T\ + T 2 )/2, we approximate the 
time dependence of the WS decay of a meson produced 
as a D° at time ( = 0 in the limit of small mixing 
(|jcL ly| <K 1) and CP conservation as 



W) 



* R D + -jRoy'Tt - 



-(Ttf 



(1) 



where x' = xcosS K „ + ysin8 Kn , y' = —x%\n8 Klr + 
yzo%8 K ^, and S K „ is the strong phase between the DCS 
and CF amplitudes. 



We study both CP-conserving and CP-violating cases. 
For the C/'-conserving case, we fit for the parameters R D , 
x' 2 , and >'. To search for CP violation, we apply Eq. ( 1 ) to 
the D° and D° samples separately, fitting for the parame- 
ters {R^, x' 2± , y !± } for D° ( + ) decays and 25° (-) decays. 

We use 384 fb~' of e + e~ colliding-beam data re- 
corded near Js = 10.6 GeV with the BABAR detector [8] 
at the PEP-II asymmetric-energy storage rings. We se- 
lect D° candidates by pairing oppositely charged tracks 
with a A"*7r ± invariant mass m Klr between 1.81 and 
1.92 GeV/c 2 . Each pair is identified as A" + 7r ± using a 
likelihood-based particle identification algorithm. We re- 
quire the 77-+ to have a momentum in the laboratory frame 
greater than 0.1 GeV/c and in the e + e~~ center-of-mass 
(cm.) frame below 0.45 GeV/c. 

To obtain the proper decay time t and its error a, for 
each D° candidate, we refit the K* and -n-* tracks, con- 
straining them to originate from a common vertex. We also 
require the D° and it* to originate from a common vertex, 
constrained by the position and size of the e + e~ interac- 
tion region. The vertical rms size of each beam is typically 
6 /jm |8J. We require the x 1 probability of the vertex- 
constrained combined fit P(x 2 ) to be at least 0. 1 % and the 
m *-i7i7, ~ m KT, mass difference Am to satisfy 0. 14 < 
Am<0.16GeV/c 2 . 

To remove D° candidates from fl-meson decays and to 
reduce combinatorial backgrounds, we require each D° to 
have a momentum in the cm. frame greater than 
2.5 GeV/c. We require —2 < t < 4 ps and a, < 0.5 ps 
(the most probable value of a, for signal events is 
0.16 ps). For D* + candidates sharing one or more tracks 
with other D" + candidates, we retain only the candidate 
with the highest P(x 2 )- After applying all criteria, we keep 
approximately I 229 000 RS and 64 000 WS D° and Z3° 
candidates. To avoid potential bias, we finalized the analy- 
sis procedure without examining the mixing results. 

The mixing parameters are determined in an unbinned, 
extended maximum-likelihood fit to the RS and WS data 
samples over the four observables m K „, Am, r, and a,. The 
fit is performed in several stages. First, RS and WS signal 
and background shape parameters are determined from a fit 
to %, and Am and are not varied in subsequent fits. Next, 
the D° proper-time resolution function and lifetime are 
determined in a fit to the RS data using mg w and Am to 
separate the signal and background components. We fit to 
the WS data sample using three different models. The first 
model assumes both CP conservation and the absence of 
mixing. The second model allows for mixing but assumes 
no CP violation. The third model allows for both mixing 
and CP violation. 
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The RS and WS {m K „, Am} distributions are described 
by four components: signal, random wl,, misreconstructed 
D°, and combinatorial background. The signal component 
has a characteristic peak in both m Kjr and Am. The random 
ir, component models reconstructed D° decays combined 
with a random slow pion and has the same shape in m K „ as 
signal events but does not peak in Am. Misreconstructed 
D° events have one or more of the D° decay products either 
not reconstructed or reconstructed with the wrong particle 
hypothesis. They peak in Am but not in m K7r . For RS 
events, most of these are semileptonic D° decays. For 
WS events, the main contribution is RS D° — * K~ it + 
decays where the K~ and the tt + are misidentified as tt~ 
and K + , respectively. Combinatorial background events 
are those not described by the above components; they 
do not exhibit any peaking structure in m K7r or Am. 

The functional forms of the probability density functions 
(PDFs) for the signal and background components are 
chosen based on studies of Monte Carlo (MC) samples. 
However, all parameters are determined from two- 
dimensional likelihood fits to data over the full m Kn and 
Am region. 

We fit the RS and WS data samples simultaneously 
with shape parameters describing the signal and random 
Trjf components shared between the two data samples. We 
find 1 141 500 ± 1200 RS signal events and 4030 ± 90 WS 
signal events. The dominant background component is the 
random it* background. Projections of the WS data and fit 
are shown in Fig. 1. 

The measured proper-time distribution for the RS signal 
is described by an exponential function convolved with a 
resolution function whose parameters are determined by 
the fit to the data. The resolution function is the sum of 
three Gaussians with widths proportional to the estimated 
event-by-event proper-time uncertainty a,. The random 
77-+ background is described by the same proper-time 
distribution as signal events, since the slow pion has little 
weight in the vertex fit. The proper-time distribution of the 
combinatorial background is described by a sum of two 
Gaussians, one of which has a power-law tail to account for 
a small long-lived component. The combinatorial back- 
ground and real D° decays have different a, distributions, 






■ Data 
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□ WS Signal - 
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'^^^T77'777777777 
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as determined from data using a background-subtraction 
technique [9] based on the fit to m K „ and Am. 

The fit to the RS proper-time distribution is performed 
over all events in the full m Kn and Am region. The PDFs 
for signal and background in m Kn and Am are used in the 
proper-time fit with all parameters fixed to their previously 
determined values. The fitted D° lifetime is found to be 
consistent with the world-average lifetime [10]. 

The measured proper-time distribution for the WS signal 
is modeled by Eq. (1) convolved with the resolution func- 
tion determined in the RS proper-time fit. The random 7T S + 
and misreconstructed D° backgrounds are described by the 
RS signal proper-time distribution since they are real D° 
decays. The proper-time distribution for WS data is shown 
in Fig. 2. The fit results with and without mixing are shown 
as the overlaid curves. 

The fit with mixing provides a substantially better de- 
scription of the data than the fit with no mixing. The 
significance of the mixing signal is evaluated based on 
the change in negative log likelihood with respect to the 
minimum. Figure 3 shows confidence-level (C.L.) contours 
calculated from the change in log likelihood (— 2A lnX) in 
two dimensions (x a and y'} with systematic uncertainties 
included. The likelihood maximum is at the unphysical 
value of x 12 = -2.2 X 10~ 4 and v' = 9.7 X lO" 3 . The 
value of — 2A lnX at the most likely point in the physically 




FIG. 1. (a) m K „ for WS candidates with 0.1445 < Am < 
0.1465 GeV/c 2 and (b) Am for WS candidates with 1.843 < 
m Kw < 1.883 GeV/c 2 . The fitted PDFs are overlaid. 



FIG. 2. (a) Projections of the proper-time distribution of com- 
bined D° and D° WS candidates and fit result integrated over the 
signal region 1.843 < m K , < 1.883 GeV/c 2 and 0.1445 < 
Am < 0. 1465 GeV/c 2 . The result of the fit allowing (not allow- 
ing) mixing but not CP violation is overlaid as a solid (dashed) 
curve, (b) The points represent the difference between the data 
and the no-mixing fit. The solid curve shows the difference 
between fits with and without mixing. 
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FIG. 3. The central value (point) and C.L. contours for 1 — 
C.L. = 0,317(1(7), 4.55 X l(T 2 (2o-), 2.70 X 10- 3 (3o-), 6.33 X 
10~ 5 (4o-), and 5.73 X 10~ 7 (5tr), calculated from the change in 
the value of — 21n£ compared with its value at the minimum. 
Systematic uncertainties are included. The no-mixing point is 
shown as a plus sign (+). 

allowed region (x' 2 = 0 and y' = 6.4 X 10~ 3 ) is 0.7 units. 
The value of — 2AlnX for no mixing is 23.9 units. 
Including the systematic uncertainties, this corresponds 
to a significance equivalent to 3.9 standard deviations ( 1 — 
C.L. = 1 x 10~ 4 ) and thus constitutes evidence for mix- 
ing. The fitted values of the mixing parameters and R D are 
listed in Table I. The correlation coefficient between the x' 2 
and y 1 parameters is —0.95. 

Allowing for the possibility of CP violation, we calcu- 
late the values of R D = JR^R^ and A D = (/?J — 

Rd)/( r d + r d) listed in Table '• from the fitted R D val " 
ues. The best fit points (x' 2± , y'*) shown in Table I are 
more than 3 standard deviations away from the no-mixing 
hypothesis. The shapes of the (x a± , y l:t ) C.L. contours are 
similar to those shown in Fig. 3. All cross-checks indicate 
that the close agreement between the separate D° and D° fit 
results is coincidental. 



TABLE I. Results from the different fits. The first uncertainty 
listed is statistical and the second systematic. 



Fit type 


Parameter 


Fit results (/10~ 3 ) 


No CP viol, or mixing 


Rd 


3.53 ± 0.08 ± 0.04 


No CP violation 


R D 


3.03 ±0.16 ±0.10 




x 12 


-0.22 ±0.30 ±0.21 




/ 


9.7 ±4.4 ±3.1 


CP violation allowed 


Rd 


3.03 ±0.16 ±0.10 




Ad 


-21 ±52± 15 




12+ 


-0.24 ± 0.43 ± 0.30 




y' + 


9.8 ± 6.4 ± 4.5 




x' 2 - 


-0.20 ±0.41 ±0.29 




V~ 


9.6 ±6.1 ±4.3 



As a cross-check of the mixing signal, we perform 
independent {m K7r , Am} fits with no shared parameters 
for intervals in proper time selected to have approximately 
equal numbers of RS candidates. The fitted WS branching 
fractions are shown in Fig. 4 and are seen to increase with 
time. The slope is consistent with the measured mixing pa- 
rameters and inconsistent with the no-mixing hypothesis. 

We validated the fitting procedure on simulated data 
samples using both MC samples with the full detector 
simulation and large parametrized MC samples. In all 
cases, we found the fit to be unbiased. As a further cross- 
check, we performed a fit to the RS data proper-time 
distribution allowing for mixing in the signal component; 
the fitted values of the mixing parameters are consistent 
with no mixing. In addition, we found the staged fitting 
approach to give the same solution and confidence regions 
as a simultaneous fit in which all parameters are allowed to 
vary. 

In evaluating systematic uncertainties in R D and the 
mixing parameters, we considered variations in the fit 
model and in the selection criteria. We also considered 
alternative forms of the m K „, Am, proper-time, and c, 
PDFs. We varied the t and a, requirements. In addition, 
we considered variations that keep or reject all D* + can- 
didates sharing tracks with other candidates. 

For each source of systematic error, we compute the 
significance s 2 = 2[ln£(x' 2 ,y') — inLixf, y|)]/2.3, where 
(x 12 , y') are the parameters obtained from the standard fit, 
(xf , )>!) the parameters from the fit including the ith sys- 
tematic variation, and L the likelihood of the standard fit. 
The factor 2.3 is the 68% confidence level for 2 degrees of 
freedom. To estimate the significance of our results in 
(x 12 , /), we reduce — 2AlnX by a factor of 1 + Xs 2 = 
1.3 to account for systematic errors. The largest contribu- 
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FIG. 4. The WS branching fractions from independent 
{m Kw , Am} fits to slices in measured proper time (points). The 
dashed line shows the expected wrong-sign rate as determined 
from the mixing fit shown in Fig. 2. The x 1 with respect to 
expectation from the mixing fit is 1.5; for the no-mixing hy- 
pothesis (a constant WS rate), the x 1 ' s 24.0. 
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tion to this factor, 0.06, is due to uncertainty in modeling 
the long decay time component from other D decays in the 
signal region. The second largest component, 0.05, is due 
to the presence of a nonzero mean in the proper-time signal 
resolution PDF. The mean value is determined in the RS 
proper-time fit to be 3.6 fs and is due to small misalign- 
ments in the detector. The error of 15 X 10~ 3 on A D is 
primarily due to uncertainties in modeling the differences 
between K + and K~ absorption in the detector. 

We have presented evidence for D°-D° mixing. Our 
result is inconsistent with the no-mixing hypothesis at a 
significance of 3.9 standard deviations. We measure y' = 
[9.7 ± 4.4(stat) ± 3. l(syst)] X 10~ 3 , while x' 2 is consis- 
tent with zero. We find no evidence for CP violation and 
measure R D to be [0.303 ± 0.016(stat) ± 0.0I0(syst)]%. 
The result is consistent with SM estimates for mixing. 
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16 

Neutrino Masses and Oscillations 



The Old Enigma. 

The most enigmatic of elementary particles, neutrinos were postulated in 1930, but were 
not observed until a quarter of a century later. It took another forty years to determine that 
they are not massless. 

Neutrinos are a ubiquitous if imperceptible part of our environment. Neutrinos created in 
the Big Bang together with the cosmic background radiation pervade the entire Universe. 
The Sun is a poweful source of MeV neutrinos. Neutrinos in the GeV range are created 
when cosmic rays strike the atmosphere, 15 kilometers or so above the Earth's surface. 
Every nuclear reactor emits antineutrinos copiously. High-energy neutrinos are regularly 
produced at accelerators through particle decay and carefully fashioned magnetic fields 
can focus produced unstable charged particles to create neutrino beams. 

Traditionally, efforts were made to set upper limits on the masses of the neutrinos asso- 
ciated with the electron, muon, and tau lepton. As explained in Chapter 6, if the electron 
neutrino were sufficiently massive the electron spectrum in tritium beta decay would be 
distorted near the end point. This prompted many painstaking measurements over the past 
thirty years. The expression for the spectrum actually depends on the square of the neutrino 
mass and the best fits can return unphysical, negative values for this. Current results give 
-l.l±2.4eV 2 . 

The direct limits on the masses of the other neutrinos are not nearly so strong. The best 
direct limit on the mass of v^ is obtained from tt + — >• (i + V/j,, which gives a 90% CL 
upper limit of 190 keV. The mass of v T can be sought by studying x decays of the sort 
r~ — > 2ti~ji + v z and r~ — > 3jt~2jt + v t . If v T is massive, the invariant mass spectrum of 
the charged pions will terminate below the mass of the r. The best limit obtained to date 
is m Vz < 18.2 MeV. These direct limits have been superseded. Massive neutrinos would 
affect the density fluctuations in the early Universe. Detailed measurements of the cosmic 
microwave background and other cosmological parameters indicate that the sum of the 
three neutrino masses must be less than about 0.6 eV. 
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16.1 The Nature of Neutrino Masses 

Neutrinos may acquire their masses very differently from the way quarks and charged lep- 
tons do. The electron-positron system has four degrees of freedom, which we can represent 
by ei, eR, e c L , and e c R , where we have chosen to write e c for e + . For the neutrino we can 
write similarly vi, vr, v c l and v c R . To make a massive spin-one-half particle, we need both 
"left-handed" and "right-handed" pieces. For neutrinos we can suppose that the massive 
particle is a combination of the left-handed neutrino and the right-handed antineutrino: 

Ni = v L + v c R . (16.1) 

This provides all the degrees of freedom required. A massive neutrino with only two 
degrees of freedom instead of four is called a Majorana neutrino. 

The mass of the electron is described in the Lagrangian by the expression m e ee — 
m e (eLeR + eRei)- The mass term changes a left-handed electron into a right-handed elec- 
tron, with amplitude m e . Of course this is a colloquialism since the freely propagating elec- 
tron cannot spontaneously change its angular momentum! The imprecision arises because 
et — j(l — ys)e describes a left-handed electron only in the ultrarelativistic limit. An 
electron emitted in beta decay has polarization, on average, —v/c. 

While N\ has the degrees of freedom required for a massive fermion, by combining a 
lepton with an antilepton we have broken lepton number conservation. If we tried the same 
thing with an electron, joining the left-handed electron with the right-handed positron, 
we would have broken charge conservation, something that is certainly impermissible. 
Whether lepton number is truly conserved is an experimental question. 

There are a number of nuclides that are stable against both fi~ and ji + decay, but that 
are unstable against double beta decay. An example is Gel^. Energy conservation forbids 
Ge™ — > Ga™ e + v e and Ge™ — ► As™ e~v e , but Ge™ —*■ Se™ e~v e e~v e occurs with a 
half-life of about 1.5 x 10 21 y. The neutrinoless double beta decay Ge™ — ► Selfce~e~ 
would violate lepton number. If v e is a Majorana particle, such a process is allowed. 

Imagine this decay occurs through the intermediate virtual process Ge™ — > Se™ W~ W~ . 
One W decays to e~v e R, where the antineutrino is virtual. If the neutrino is a Majorana 
particle, the v e R can become v e i, indeed the two are components of a single massive 
particle. The v e i combines with the W~ to make the second e~ . The amplitude for this 
process is proportional to m Ve , so that observing it would establish a non-zero neutrino 
mass, and would show as well that lepton number is violated. The experimental lower 
limit on the half-life of Ge™ against neutrinoless double beta decay is about 1-2 x 10 25 y, 
though there is a controversial claim of observation at the lower end of this range. 

The Standard Model together with Majorana neutrinos can accommodate quite naturally 
very small, but finite, neutrino masses. For an electron, the mass term changes a left-handed 
state into a right-handed state, with amplitude m e , changing the weak isospin from L = 
— 1/2 to I z = 0. This is permissible because the electron interacts with the ubiquitous 
Higgs field, which has L — ±1/2 and which is non-zero everywhere. 

Our Majorana neutrino N\ behaves differently. To change v>z, (I z — 1/2) to v c R (/, = 
— 1/2) requires AL — 1, more than the Higgs field supplies. Thus we expect this amplitude 



16. Neutrino Masses and Oscillations 491 

to be zero or very, very small. Suppose, however, that in addition there is a right-handed 
neutrino, together with its conjugate, a left-handed antineutrino. Neither of these feels the 
weak force since they have weak-isospin zero. Together they can form a second Majorana 
neutrino, 

A/2 = v R + v£. (16.2) 

To change from the left-handed piece of N2 to the right-handed piece doesn't change /, at 
all, since both pieces are neutral under weak isospin. There is no reason for this not to have 
a large amplitude since it does not break weak isospin symmetry and thus need not depend 
on the "low" mass scale at which electroweak symmetry is broken. The corresponding mass 
Mbig might even be as large as 10 15 GeV, the scale at which the strong and electroweak 
forces may be unified. 

It is also possible for N\ and N2 to mix. In particular, the vi in N\ can become vr in Ni 
with a change /;■ = 1/2, just as ei becomes ef>. Indeed, we might anticipate an amplitude 
of the same scale, m. The same is true for the transition of N2 to N[ . These results can be 
summarized in a mass matrix in which the first row and column refer to N\ and the second 
to Nr- 



/ 0 m \ 
V m M big / 



(16.3) 



where the 0 and Mb; g follow from the rule that AI Z — 1 is disallowed, but A I — 0 is unsup- 
pressed. For m << Mbig, the eigenvalues of the matrix are nearly Mb; g and — m 2 /M\,\g. 
The negative sign has no physical significance; it corresponds to a mass m 2 /Mbi g . If we 
guess that m — m e and Mbig = 10 15 GeV, a value motivated by theories in which the strong 
and electroweak interactions are unified at a high mass scale, we get a neutrino mass of less 
than 10~ 12 eV, very small indeed. The lighter eigenstate is mostly the weakly interacting 
Majorana neutrino, while the heavier one is mostly the non-interacting Majorana neutrino: 

\N L ) « \Ni)--£-\N 2 ), 
M bi g 

\N H ) « |JV 2 > + 7^-1 ATi). (16.4) 

Mbig 

This means of generating two Majorana neutrinos, one with a very large mass and one 
with a very small mass, is known as the seesaw mechanism. 



16.2 Neutrino Mixing 

If neutrinos have mass, the leptonic system is quite analogous to the quark system. We 
thus expect that the weak eigenstates may not correspond to the mass eigenstates: there 
is a leptonic version of the Kobayashi-Maskawa matrix - the Maki-Nakagawa-Sakata 
matrix - connecting the two. For simplicity, consider just two species of neutrinos, v e , the 
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weak partner of the electron, and v^ , the weak partner of the muon. The mass eigenstates 
must be combinations of these two (later we consider the three-generation case): 

|vi) = cos 0 O I v e ) - sin0o|v M ), 

\v 2 ) = sin0 o |v e ) + cos0 o |v M ), (16.5) 

where vi is the lighter state. We can always choose 0 < 6o < tt/2 by redefining the states 
|v) —*■ — |v), if necessary. When a beta decay produces a v e , its time development will be 
described by 

|v e (0> ^ e~ iE,t cos9 0 \vi) + e~ iE2 ' sm0 o \v 2 ). (16.6) 

If the state has well-defined momentum p ~ E >> Mi, M 2 , then its components have 
different energies 

M\ M? 

E l ^ P +-±; E 2 ^p+-^. (16.7) 

2p 2p 

After traveling a distance L « f, the two pieces will have a relative phase (Aff — 
M 2 )L/(2£) — AM 2 L/(2E). The probability that the v e will have become a v M is easily 
determined to be 

P Ve ^ Vl St) = |<v^|v«(0>| 2 = sin 2 20o sin 2 1 -^- \ (16.8) 

In practical units, the last factor is 



sin 



( A M 2 (eV 2 )L (km) \ 
1.27 — -). (16.9) 

£(GeV) J 



These oscillations are similar to those in the K°-K and B°-B systems. There the 
oscillation is manifested in the variation in the sign of charged leptons emitted in semilep- 
tonic decays. Here it is the type of lepton itself that varies. The specific phenomenon 
observed depends on the energy of the neutrino that is oscillating. Antineutrinos generated 
by beta decays in nuclear reactors have energies in the MeV range. If these antineutrinos 
oscillate from electron-type to muon- or tau-type, their energies will be too low to produce 
in a detector the associated charged leptons. What would be measurable would be simply 
a drop in the number of charged-current reactions. The neutrinos would seem to disappear. 

A neutrino beam generated by decaying pions will be dominantly v^ or v^ depending on 
the sign of the pions. Its charged-current interactions will regenerate muons. If, however, 
the beam oscillates to electron- or tau-type neutrinos, the corresponding charged leptons 
could be produced. Such an experiment would establish oscillations by appearance. 
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16.3 Solar Neutrinos 

The earliest indications of neutrino oscillations came in solar neutrino experiments. The 
initial step in the fusion cycle that powers the Sun is the weak process pp — > de + v e . 
Because the total rate of energy production is proportional to the rate at which this reaction 
occurs, there is little uncertainty about the neutrino flux at the Earth's surface from this 
source. This turns out to be about 6 x 10 10 cm -2 s _1 . See Exercise 16.1. These neutrinos 
have energies below 0.5 MeV and are thus below threshold for charged-current interactions 
except with a few nuclides. The next most copious source of solar neutrinos is electron cap- 
ture on Be 7 : Be 7 e~ — > Li 7 v e , with discrete neutrino energies near 0.4 MeV and 0.9 MeV. 
The Be 7 are generated in the process He 4 + He 3 — ^ Be 7 + y . The third significant source 
of solar neutrinos is the decay B 8 — > Be 8 *e + v e , which produces neutrino energies up to 
nearly 18 MeV. The B 8 are themselves produced via Be 7 + p — ► B 8 + y. The beta-decay 
product B 8 decays to two alpha particles, and is thus incorporated into the overall burning 
of hydrogen into helium. Even though the flux of the B 8 neutrinos is smaller by about 10~ 4 
than those from the pp reaction, their high energy and correspondingly large cross sections 
makes them very important in solar neutrino experiments. 

The solar neutrinos can be detected if they are captured by isotopes like CI 37 (v e Cl 37 — ^ 
e~Ar 37 ) and Ga 71 (v e Ga 71 — ► e~Ge 71 ), which then become radioactive with subsequent 
decays that can be observed. The threshold for the former capture is 814 keV, while for the 
latter it is 233 keV As a result, chlorine experiments are blind to the pp reaction, while 
gallium experiments can detect it. The chlorine experiments are dominated by neutrinos 
from B 8 and Be 7 . They were pioneered by Ray Davis at the Homestake Mine in South 
Dakota, starting back in the 1960s (Ref. 16.1). 

In 1968 Davis's team reported an upper limit of 3 SNU (1 SNU - solar neutrino unit - is 
10~ 36 neutrino captures per atom per second) for a chlorine experiment. The prediction of 
the rate from solar models is difficult and at the time the expected total rate was 20 SNU, 
90% of which was due to B 8 . To make this measurement, Davis needed to isolate about 
one atom of Ar 37 produced each day in a vat of 3.9 x 10 5 liters of C2CI4 located 1.5 km 
underground. As shown in Table 16.1, the contemporary prediction is 7.6 SNU and the 
1998 result from the Homestake experiment is 2.56 SNU. 

Gallium experiments were pursued by the GALLEX collaboration from 1991 to 1997 
at the Gran Sasso National Laboratory in the Gran Sasso d'ltalia in the Abruzzo region 
150 km east of Rome and by the SAGE collaboration at Baksan, in Russia. The cumulative 
result from GALLEX was 77.5 SNU with a precision of about 10%. This was about 60% 
of the predicted rate of 128 SNU. The SAGE result was similar. The GALLEX experiment 
was succeeded by GNO, the Gallium Neutrino Observatory, where the rate was measured 
to be near 63 SNU. 

An alternative to detecting individual transmuted atoms relies on Cherenkov light from 
charged-current reactions induced by the neutrinos. Because an enormous target is required 
to obtain sufficient rate, the natural medium is water. The leading experiments using this 
technique have been located at the Komioka Mozumi mine in Japan. The Kamioka Nucleon 
Decay Experiment (Kamiokande) was upgraded to a neutrino detector just in time to catch 
neutrinos from the supernova SN 1987a. After its run from 1987 to 1995, it was succeeded 
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Table 16.1. Predictions for the solar neutrino flux from J. N. Bahcall, M. H. Pinsonneault, 
and S. Basu, Astrophys. J. 555, 990 (2001) and corresponding experimental results, 
adapted from the summary ofN. Nakamura in the 2006 Review of Particle Physics. The 
gallium experiments are in good agreement with one another. The chlorine and gallium 
experiments are sensitive only to the charged current. The Kamiokande and 
Super-Kamiokande experiments measure the elastic scattering ve~ —¥■ ve~ , which has 
contributions from both charged and neutral currents. The solar neutrino unit (SNU) is 
10 neutrino captures per atom per second. 

Solar Sources: 37 CI (SNU) 71 Ga(SNU) 8 B v flux (10 6 cm -2 s _1 ) 

pp -*■ de + v e 69.7 

1.15 34.2 

5.67 12.1 5.05 
0.68 11.9 
7 -6±{j 1281S 5.05 a 

Experiment: 

Homestake 2.56 ± 0.16 ± 0.16 

GALLEX 77.5 ±6.2 1£; 

GNO 62.9 ^5-3 ±2.5 

SAGE 70.8 1 5 5 2 t\l 

Kamiokande 2.80 ± 0. 19 ± 0.33 

Super-Kamiokande 2.35 ± 0.02 ± 0.08 



by the 50-kton detector Super-Kamiokande. The threshold for observability for both was 
several MeV and these experiments were thus dominated by neutrinos from B 8 decay. Both 
experiments found fluxes about half the expected level of 5 x 10 6 cm -2 s _1 and showed 
that the neutrinos indeed came from the direction of the Sun. 

Every one of these techniques is extremely challenging because of the small rates and 
large detectors employed. What is striking is that the results of all these experiments tell 
about the same story: about one-third to one-half the expected rate of neutrino interactions 
is actually observed. See Table 16.1. 

The solar abundances of elements like beryllium and boron must be deduced from solar 
models and this added some doubt to the predictions for these contributions to the solar 
neutrino flux. However, there was good agreement between the various calculations that 
had been done to estimate these abundances. This made it hard to dismiss the results from 
the Cherenkov and chlorine experiments. Moreover, fully half of the reaction rate expected 
in the gallium experiments is due to the pp reaction, about whose rate there could be little 
doubt since it is directly connected to the total luminosity of the Sun. 
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The discrepancy between the expected and observed rates for solar neutrino experiments 
was consistent and persistent. Attempts to blame the problem on solar models were weak- 
ened by the GALLEX, GNO, and SAGE results. What remained suggested strongly that 
there are neutrino oscillations involving electron neutrinos. 

For mixing to play a role, it would seem that Am 2 L/E (where L — 1.5 x 10 11 m is 
the distance from the Earth to the Sun) would have to be not too small, i.e. Am 2 > 10~ 12 
eV 2 so the oscillation length would not be large compared to L. In the limit that there were 
many oscillations between the Sun and the Earth, we would expect that averaging over an 
energy spectrum would replace the oscillation in L by its average, 1/2: 

P Ve ^v, = -sin 2 20 o , (16.10) 

so that at most half the neutrinos could disappear. With three species, the limit would be 
two-thirds disappearing. In fact, the behavior of solar neutrinos is more complex because 
they must first pass from the Sun's core to its edge before entering the void. 



16.4 MSW Effect 

If there is mixing between v e and, say, v M , the combinations that are eigenstates in free 
space will not remain eigenstates when passing through matter. This is completely anal- 
ogous to the phenomenon of regeneration in the neutral K system. There regeneration 
occurs because K° and K have different forward scattering amplitudes on nuclei. In the 
neutrino system the corresponding difference is between the forward elastic scattering 
of v e on electrons and v^ on electrons. This regeneration is known as the Mikheyev- 
Smirnov-Wolfenstein (MSW) effect. While v^e elastic scattering occurs only through the 
neutral current, v e e elastic scattering has a contribution from the charged-current process 
in which the incident electron-neutrino is transformed into an electron and the struck elec- 
tron becomes itself an electron-neutrino. This interaction is described by the ordinary V-A 
theory 

C C 

—7=v e Y,A\ - y 5 )eey fl (l - y 5 )v e = — U e y M (l - y 5 K ey^l - ys)e (16.11) 

where the re-ordering follows from an algebraic identity for the gamma matrices known 
as a Fierz transformation. For electrons at rest, the last factor is important only for jjl — 0, 
when it gives the electron density, N e . Acting on a left-handed neutrino, 1 — y$ is simply 
2 and the interaction is seen to be equivalent to a potential energy for neutrinos V — 
*/2G F N e . 

In the end, a complete analysis of neutrino mixing requires considering three neutrino 
species, but for the MSW effect a two-state approximation is adequate. What we call here 
Va is, in fact, a linear combination of v w and v z . 
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For neutrinos, where the mass is apparent in the relation E ~ p + \M 2 1 p, the mass- 
squared matrix is of interest. The effect of the extra scattering of v e is to add to its diagonal 
element in this matrix the quantity A — (E + V) 2 — E 2 « 2EV 

A = 2V2G F N e E = 0.76 x 10" 7 eV 2 x p [gem -3 ! x E [MeV] x 2Y e , (16.12) 

where p is the mass density and the number of electrons per nucleon is Y e . No other ele- 
ment of the mass-squared matrix is affected. The v e component of a mixed neutrino picks 
up an extra phase jAL/E — y/2GFN e E — 0.383 x 10 _3 p [gem -3 ] Y e L [km] in travers- 
ing a distance L. If the material is hydrogen with a density of 1 g cm -3 , a full cycle is 
accumulated in a distance of 1.6 x 10 4 km, a bit more than the diameter of the Earth. 

The mixing that results in the eigenstates |vi) and \V2) with masses squared M 2 and M\ 
without the matter effect is described by 

*»-^?(-f»f Si ° 2 M. ( ,6,3> 

2 \ sin 20o cos 2t?o / 

where we drop the common diagonal term equal to the average mass squared. Multiplica- 
tion verifies that the mixtures | vi ) and \vj) are indeed eigenvectors of this matrix. Because 
the energy of a neutrino with momentum p is very nearly p + ^M 2 /p we can write a 
Schrodinger equation for the state \ip-) — C e \v e ) + C^ \ v^ ) as 

<-( CeN ) = -M 2 ( Ce V (16.14) 

dt\Cj IE \CJ 

This system is analogous to a spin-one-half particle (whose spin is ex) in a magnetic field 
with B ex cos 20qz — sin 26*ox since cr ■ B has the same form as M 2 . The electron-neutrino is 
analogous to the state whose spin is aligned with the magnetic field and the muon-neutrino 
is analogous to the state anti-aligned with it. The eigenstate | vi ) is the up state rotated 
by 20o about the y axis. Semiclassically, the spin precesses around the direction of the 
magnetic field. See Figure 16.1. 

The extra elastic scattering of v e on electrons with density N e changes the mass-squared 
matrix, again with the average diagonal term removed, to 

AM 2 I ~ cos 26l 0 + t^t si" 20 o 

M «// = -rM ■ ™ ° ™ a . (16-15) 

sin 20o cos 20o tti 

AM Q 

where AM 2 = M 2 — M 2 is the splitting of the squares of the masses in vacuum. We can 
rewrite this in a form analogous to that for vacuum 

MV = ^(- C "f"' Si "Z"-). (1MB 

2 \ sin20jv e cos20/ Vf / 
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Figure 16.1. The analog between neutrino oscillations and precession of a spin-one-half particle 
in a magnetic field. A neutrino created as a v e (analogous to spin up) precesses about an axis at 
an angle 26q. The precession gives oscillating fractions of v e and v^, supposing these to be the 
mixed species. A fraction cos 2#o of the spin is projected along the "field" direction. On average, 
the components perpendicular to the field vanish. If we project the average component back along the 
electron-neutrino's direction, we find a fraction cos 29q. If we take this semiclassical expectation 
value to represent the probability P Ve -+v e — Pv e ^v^ = 1 - 2-P Ue ->v„ we find that P Ve ^. Vjl = 

1 9 

i sin 2#2- This agrees with the time-dependent expression, Eq. (16.8), when we average over a 
range of L that encompasses many cycles, corresponding to many cycles of the "spin" around the 
"magnetic field." 

where now AM^, is the splitting of the squares of the eigenmasses in the medium. Identi- 
fying the two expressions for the mass matrix in matter we find the relations 



AMi sin 2%, = AMi sin20 o 



A = AM 0 2 cos 20 o - AMjy co$26 Ne . 



(16.17) 



This is shown geometrically in Figure 16.2. 

If we imagine a hypothetical neutrino beginning at to where the electron density is N e (to) 
in the lower-mass eigenstate |vi, N e (to)) (defined by the angle 0N e (t o )) an d proceeding 
through matter whose density changes only gradually, we can expect the state to remain in 
the lower-mass eigenstate so that at time t it is | Vi , N e (t)). This adiabatic evolution is anal- 
ogous to the magnetic moment of the spin- 1/2 particle following a gradual change in B. 

Physical neutrinos are produced not in mass eigenstates, but in "flavor" eigenstates 
because they arise from weak interactions. To follow the evolution of a neutrino that begins 
at the center of the Sun as \v e ) where the electron density is N e , we project \v e ) along 
the "magnetic field" at the initial density, introducing a factor cos20# c . See Figure 16.3. 
As the neutrino moves from the center of the Sun to the periphery, the density decreases 
and the orientation of the "magnetic field" gradually moves to the direction for vacuum 
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Figure 16.2. The relationship between the vacuum mixing angle, 6q, and the mixing angle in matter, 
On, and the mass splittings in vacuum and in matter. The quantity A — 2\/2GpN e E, which is 
proportional to the electron density N e and to the neutrino energy E, arises from the charged-current 
scattering in v e e — * v e e. As displayed in the figure, AM? sin2#o = AM?, sin2#/v. If A is small, 
6q « Oft. If A is very large 29 n « n . When 9fj — ji/2, the mass splitting in matter is at its 
minimum. Note that in this figure, cos 26pj < 0. 



mixing. In this adiabatic description, only the component along the magnetic field mat- 
ters. The components transverse to it average to zero. When the neutrino finally exits the 
Sun, its "neutrino spin" direction is aligned with the magnetic field for vacuum mixing. 
On the passage from the Sun to the Earth this projection is unchanged: the actual vector 
just continues to precess about this average orientation. To determine its flavor content 
we finally project onto the v e direction. Altogether, the projections give cos 2Q^ e cos 29q. 
Equating this to P Ve ^ v<! — P Ve ^ v — \—2P Ve ^ v we find the adiabatic, and time averaged, 
prediction for the transformation from v e to v^ : 



1 

Pv t ^ Vli = 2™~ cos2 °N e cos20 o ). 



(16.18) 



Of course in the limit of low matter density, G^ e — ► 0q and this reduces to the vacuum 
expression. On the other hand, if the product of the energy and the initial density is large, 
then cos20;v e — > —1. The resulting transition probability is P Ve ^ v — j(l + cos2#o) = 
cos 2 6q, so that if the vacuum mixing angle were small, v e would be nearly certain to 
emerge as v^. 

As long as the spin precesses rapidly around the magnetic field, compared to the rate 
at which the direction of the magnetic field changes, this is a compelling argument. The 
precession frequency is proportional to AM^, , which is smallest when sm20N e — 1, i.e. 
when 



cos 20o 



Mi-M 



(16.19) 
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Figure 16.3. In the adiabatic approximation, the neutrino follows the magnetic field, which rotates 
as the electron density varies. The solar neutrino is produced as v e . If AM /2E is large enough, we 
can ignore the precession of the "spin" and look just at its projection along the "magnetic field." The 
neutrino produced at "0," is projected along the axis defined by the mixing angle for the density at 
the center of the Sun, Bfj, at "1." As the density decreases, the direction of the "magnetic field" in 
the solar matter changes, as in "2" and "3," finally reverting to the vacuum direction, shown as "4." 
In the example shown here, the neutrino is then more aligned with the v^ direction than the original 
v e direction. It is clear, referring to a previous figure, that this will happen only if A — 2^/2GfN e E 



is sufficiently large. Following the geometry here, we find that P Ve 



r (l — cos 29fj cos 29q). 



Passing through such a "resonance region" the spin may no longer follow the field and 
transitions from |vi(0) to |v2(f)) become much more likely. Whether the adiabatic approx- 
imation applies depends on whether the direction of the "magnetic field," i.e. the matter 
density, changes gradually enough relative to the precession frequency, AM 2 /2E. 

In the Sun, neutrinos are produced near the core, where the density is of order 130 
gem -3 and the atomic composition gives Y e — 0.67. For a 1 MeV neutrino, A is about 
1.3 x 10" 5 eV 2 . Thus if 1.3 x £(MeV) x 10" 5 eV 2 is greater than (M 2 - M 2 ) cos 20 o , the 
construction shown in Figure 16.2 will make 29n > tt/2: Adiabatic evolution of a v e will 
end with the neutrino more likely to be "flipped" into v^ than to remain v e . For much lower 
energy neutrinos, A will be small and 9^ m 9q. These neutrinos will not be "flipped." They 
emerge as electron-type neutrinos. See Exercise 16.4. 

While the oscillation probability in vacuo depends only on sin 29q and thus is invariant 
under 9q — ► tt/2 — 6$, the MWS effect depends on cos 29$ and is not similarly invariant. 
Thus, in principle values of 0o between jr/4 and tt/2 must be considered as well as those 
from zero to jr/4. This so-called "dark side" is disfavored by solar neutrino experiments 
because it gives cos26*o < 0 and according to Eq. (16.18) cannot suppress solar neutrinos 
by more than 50%. 
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16.5 MSW and the Solar Neutrino Problem 

Once the MSW effect was included, three distinct solutions emerged for the solar neu- 
trino problem defined by the results from chlorine and gallium experiments together with 
measurements by Kamiokande and Super-Kamiokande. Each solution corresponded to val- 
ues for the mass splitting, AmL and mixing angle 0 so i. One, termed the large mixing 
angle solution (LMA) had sin 2 2fl so i « 0.5 - 1.0 and Am^, « 10" 5 - 3 x 10" 4 eV 2 . 
A rather poorer fit, LOW (for low mass or perhaps low likelihood of being correct) was 
obtained with sin 20 so i ^ 1.0 and Ara 2 ol « 10~ 7 eV 2 . The small mixing angle solu- 
tion had sin 2 2# so i « 10" 2 -10" 3 and Am 2 ol « 5 x 10" 6 eV 2 . In the LOW solution, the 
adiabatic approximation for MSW fails and a more complete calculation is required. In 
addition, solutions were possible with very low values of Am 2 ol , 10 _12 -10 _10 eV 2 and 
with large values of sin 2 29 so i- 



16.6 Cosmic-Ray Neutrinos 

While the solar neutrino problem suggested that there were neutrino oscillations, convinc- 
ing evidence came from an entirely different direction: cosmic rays. Indeed, there are two 
separate phenomena: solar neutrino mixing and atmospheric neutrino mixing, that is, mix- 
ing in neutrinos produced by collisions of cosmic rays in the atmosphere. It turns out that 
it is often possible to avoid considering three species of neutrinos and instead imagine that 
the solar neutrino and the atmospheric neutrino systems are two separate systems, each 
described by a two-neutrino pattern. The two phenomena occur at very different energy 
scales, MeV for solar neutrinos and GeV for atmospheric neutrinos. 

In the hadronic showers of cosmic rays that strike the atmosphere, pions are created and 
decay to /xv, and the muons subsequently decay to evv. In this way two v^s and one v e 
are generated for each charged pion created, ignoring the difference between neutrinos and 
antineutrinos. 

The actual flux of particles created by the collisions high in the atmosphere is not so 
well known, so there is an advantage in comparing the ratio of neutrino events producing 
a muon in the detector to those producing an electron to the ratio expected from Monte 
Carlo simulations: R — (^/e)DATA/(t^/e)MC- The absolute strength of the flux cancels 
in the ratio of the simulations. A number of experiments using water Cherenkov counters, 
including Kamiokande, the 1MB (Irvine-Michigan-Brookhaven) experiment near Cleve- 
land, Ohio, and Super-Kamiokande, observed values of R less than one, indicating that the 
v^ were somehow disappearing. 

In 1998, the Super-Kamiokande team announced impressive evidence for neutrino oscil- 
lations (Ref. 16.2). The ring of Cherenkov light produced by a muon in water has a sharper 
definition than that produced by the shower of an electron and the two categories can be 
reliably separated. More than 1 1,000 photomultiplier tubes viewed the central 22.5 kilotons 
of detector, in which events were required to begin. The Super-Kamiokande collaboration 
recorded more than 4000 events that were fully contained within the inner fiducial vol- 
ume. The ratio R thus found differed substantially from unity, both for lower energy events 
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(visible energy below 1.33 GeV), with R — 0.63 ± 0.03 ± 0.05 and higher energy events, 
with R = 0.65 ± 0.05 ± 0.08. 

From the Cherenkov light, it was possible to determine the direction of the incoming 
neutrino. Those that came from below must have been created in the atmosphere on the 
other side of the Earth, thousands of kilometers away. Those that came from above, were 
created relatively nearby. While the e-like events showed no particular directional depen- 
dence, the /x-like events that came from below were substantially depleted. The simplest 
interpretation is that the v^ oscillate to v x with an oscillation wavelength comparable to 
the Earth's radius. Alternatively, the v^ might oscillate to some previously unknown neu- 
trino type, a sterile neutrino that lacks interactions. Either way, for such a depletion to be 
observable, the mixing would have to be substantial. Since the v e seemed unaffected, it was 
sensible to fit the data assuming only v^-v,- oscillations. The result was sin 20 atm > 0.82 
and 5 x 10~ 4 eV 2 < Am 2 tm < 6 x 10~ 3 eV 2 at a 90% confidence level. With three times 
the exposure, Super- Kamiokande reported refined measurements: sin 2 2# atm > 0.92 and 
1.5 x 10" 3 eV 2 < Am 2 tm < 3 - 4 x 10 " 3 ey2 at a 90% confidence level. 



16.7 Reactor Neutrino Experiments 

Reactor experiments produce antineutrinos, which accompany the beta particles emitted 
by fission products. Since the energies here are at most a few MeV, there is no possibility 
of observing the oscillation of v e to v^ in a charged-current interaction: these neutrinos are 
below threshold for muon production. However, these oscillations would lead to a reduc- 
tion in the number of charged-current events producing electrons. For sufficiently large 
mixing angles, such an effect would be observable by measuring the event rate with the 
reactor on and off, and comparing with the expected rate, based on the power produced by 
the reactor and an understanding of the decay chains associated with fission products. Such 
calculations are believed to be accurate at the few percent level. The domain of sensitivity 
in A m 2 is set by equating 1 . 27 A m 2 (e V 2 ) L (m) / E (Me V) to the observed limit on the oscil- 
lation probability. If that limit is around 10% and the typical antineutrino energy is taken 
to be 3 MeV, the experiment is sensitive to differences of squares of masses of roughly 0.7 
eV 2 /L(m). For Am 2 large enough to give many oscillations of the neutrino before detec- 
tion, the limit on sin 2 26 is twice the limit obtained for the oscillation probability since then 
the factor sin 2 [AM 2 L/(4£)] averages to one-half. See Figure 16.4. 

An experiment performed at the Bugey reactor near Lyon, France observed electron 
antineutrinos through inverse beta decay: v e p — ► e + n. The positron was observed through 
scintillation light caused by its two-gamma annihilation with an electron. The neutron was 
observed by doping the scintillator with Li 6 , which is sensitive through the process n + 
Li 6 — ► He 4 + H 3 + y(4.8 MeV). The primary observations were made at distances of 15 
m and 40 m from a 2.8 GW reactor. Oscillation of the electron antineutrinos would have 
led to a reduced event rate. As reported in 1994/5, no reduction was observed at the few 
percent level, excluding values of Am 2 on the scale of 0.02 eV 2 . 

To improve upon this it was necessary to make measurements further from a reactor. 
A nuclear power station located near Chooz in the Ardennes region of France served as 
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Figure 16.4. Reactor neutrino experiments give limits on Am and sin 29. A limit on the fraction 
of the v e that are transmuted into unobservable v^ restricts the allowed region in the Am — sin 29 
plane through the relation in Eq. (16.9). The allowed region is to the left and below the curve. The 
sensitivity to Am is greatest if sin 29 is near unity. If the oscillation probability is shown to be less 
than P, then the sensitivity extends in eV to about P ' < £(MeV) > /1.27L(m), where < E > 
is the mean neutrino energy. The figure represents an experiment with L — 1 km, < E >= 3.5 MeV, 
and P — 0.05. In the limit of large Am , the limit on sin 29 is 2P, as shown in the figure. 



the antineutrino source for a more precise experiment again relying on inverse beta decay 
(Ref. 16.3). The neutron was observed by incorporating gadolinium in a liquid scintillator 
detector, located 1 km from the reactor. Gadolinium has a large cross section for neutron 
absorption, which is signaled by the emission of a gamma ray of 8 MeV. The neutrons 
could also be observed by their absorption by protons, producing a deuteron and a 2.2 
MeV gamma. The delay of 2 to 100 /lis between the positron annihilation and the neutron 
absorption provided a signature for the events. The signal event rate was found to be pro- 
portional to the instantaneous power of the reactor, as it should have been. The value of 
about 25 neutrino events per day at full power was much larger than the background of 
about 1 event per day. 

The anticipated rate in the absence of neutrino oscillations depended on the intensity 
and energy spectrum of the neutrinos emitted by the reactor. Including this uncertainty and 
others associated with the detector, the ratio of the measured to the expected rate reported in 
1998 was 0.98 ±0.04± 0.04, where the first error was statistical and the second systematic. 
Mixing would reduce the ratio by 1 — i sin 2 20. At 90% CL, the ratio is greater than 0.91, 
so at the same confidence level, for large Am 2 , sin 2 20 < 0.18. Using a mean neutrino 
energy of 3 MeV and the distance between the reactor and the detector, for sin 20 — 1 we 
find the limit Am 2 < 0.9 x 10~ 3 eV 2 . With additional data Chooz reported refined results 
in 1999: for large Am 2 , sin 2 20 < 0.10 and for sin 2 20 = 1, Am 2 < 0.7 x 10" 3 eV 2 , at 
90%CL(Ref. 16.4). 
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Subsequently a similar experiment was conducted at the Palo Verde Generating Station 
in Arizona with consistent results: for large Am 2 , sin 29 < 0.164 and for sin 20 — 1, 
Am 2 < 1.1 x 10" 3 eV 2 , at 90% CL. 



16.8 SNO 

The convincing evidence of atmospheric neutrino oscillations involving v^ at Super- 
Kamiokande intensified interest in the solar v e problem. The MSW effect, together with 
vacuum oscillations provided several possible solutions. An experiment at the Sudbury 
Neutrino Observatory in Ontario, Canada finally resolved the issue (Ref. 16.5). 

Like Super-Kamiokande, SNO used a large water-filled detector, but with a difference. 
The water was not H2O but D2O. As in the famous plant at Rjukan, Norway whose heavy 
water was seized by the Nazis for work on the atomic bomb, Sudbury's heavy water was the 
result of electrolysis using plentiful and inexpensive hydroelectric power. The advantage 
of heavy water for solar neutrino experiments is participation of three distinct reactions: 



(16.20) 



Only electron-type neutrinos can give the first reaction, while electron-, muon-, and 
tau-neutrinos can all participate in the last two. In the initial results from SNO, only 
the charged-current and elastic scattering events were used. If we suppose there are no 
neutrino oscillations, then the v e flux can be inferred from either the charged-current or 
electron-scattering events since the underlying cross sections are known. Neutrino oscil- 
lations would generate a flux of v^ and/or v T , which would contribute, through neutral 
current interactions, to the elastic scattering to give an apparent contribution, at about one- 
sixth strength, to the v e flux inferred in this process. The v^ and/or v T would not contribute 
to the charged-current events. 

Slightly fewer than 10,000 phototubes were arrayed to view the heavy water contained 
within an acrylic vessel, itself surrounded by a shield of ordinary water. Just as for Super- 
Kamiokande, the detector was sensitive only above a few MeV and thus responded to solar 
neutrinos from 8 B. The energy was determined by counting phototube hits, with about nine 
hits for each MeV of electron energy. Timing the arrival of the Cherenkov photons allowed 
determination of the origin of the electron and its direction. 

Signals from the charged-current and elastic scattering events were separated from each 
other and from the neutron background by fitting their distribution in energy released, 
scattering angle relative to the Sun, and radial distance from the center of the detector. The 
neutron background occurred predominantly near the periphery of the detector. 

Using the anticipated shape of the S B spectrum, the full flux of S B electron neutri- 
nos could be deduced from the charged-current and elastic scattering processes, with the 
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results, in units of 10 6 cm -2 s _1 

rr +0.12 

</> cc = 1.75 ± 0.07(stat) (syst) ± 0.05(theor) 

0 £S = 2.39±O.34(stat) + ' (syst) (16.21) 

suggesting an excess in elastic scattering, which would signal the presence of neutral cur- 
rent scattering from v^ and v T . Conclusive evidence came from using the earlier, more 
precise measurement of elastic scattering by the Super-Kamiokande team, which in the 
same units was 

F c +0.09 

<j) ES = 2.32 ± 0.03(stat) (syst). (16.22) 

This, then, established that there were active neutrinos causing elastic scattering and not 
contributing to the charged-current process. Analyzed in this light, the sum of the fluxes 
from v^ and v T could be determined. It is about twice that in the v e flux. If we suppose 
that MSW is completely effective so cos26>/v = —1, we conclude that (1 + cos26<o)/2 «s 
2/3 so sin 2#o ^ 8/9, i.e. nearly maximal mixing. For MSW to be complete we need 
AM 2 cos 20o < A. Here 9q and AM 2 stand for 0 so i amd A/« 2 ol . The lowest energy neutri- 
nos SNO detected had energies of about 6.75 MeV, so A «s 8.5 x 10 -5 eV 2 . This means that 
Am 2 o] < 25 x 10~ 5 eV 2 . If Am 2 ol were as low as 1 x 10~ 5 eV 2 then even the pp neutrinos 
observed by gallium experiments would be similarly MSW suppressed, in disagreement 
with the data. See Exercise 16.4. 

It was the inferred neutral current contribution to elastic scattering that demonstrated 
flavor oscillations in the 2001 SNO result. Direct observation of the neutral current through 
v + d — >■ p + n + v at SNO (Ref. 16.6) followed in 2002. The challenge here was to detect 
the neutron through its capture on the deuteron, n + d — ► t + y . The 6.25-MeV gamma 
produced Cherenkov light through its shower. These were excluded in the earlier analysis 
by setting the threshold at 6.75 MeV. The neutral current disintegration of the deuteron was 
separated from the charged-current and elastic scattering events by its energy spectrum and 
angular distribution. 

The neutral current measurement is difficult because every free neutron in the heavy- 
water detector, whether due to the signal or the background, behaves in the same way. 
The heavy water itself is inevitably contaminated with thorium and uranium, which decay 
into chains of radioactive daughters. By carefully monitoring these chains, this background 
could be subtracted. The flux of v e and the sum of the v^ and v T fluxes could then be 
determined: 

+0.05 +0.09 

<b = 1.76 (stat) (syst) 

-0.03 -0.09 

+0.45 +0.48 

0 =3.41 (stat) (syst) (16.23) 

M -0.45 -0.45 

again in units of 10 6 cm -2 s _1 , in excellent agreeement with the results of 2001, which 
relied on the elastic scattering measurement of Super-Kamiokande. 
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16.9 KamLAND 

The SNO results showed that solar neutrinos indeed mix. To reach much lower values of 
Am 2 than explored at Chooz, it was necessary to place a detector much further from the 
reactor. The Kamioka Liquid Scintillator Anti-Neutrino Detector (KamLAND) was built 
at the site previously used by the Kamiokande experiment, under rock equivalent to 2700 
meters of water. This location is surrounded by 53 Japanese nuclear power reactors, with 
79% of the neutrino flux coming from 26 of those reactors located at distances from 138 km 
to 214 km. As at Chooz, the signal for v e p — >• e + n was the positron annihilation followed 
by a gamma from neutron capture. To compensate for the much diminshed antineutrino flux 
so far from the reactors, the detector was on a grand scale: a kiloton of liquid scintillator, of 
which about 50% lay inside the fiducial volume, about 100 times the target used at Chooz. 
Despite this, the event rate at KamLAND was about half an event per day compared to 
25 events per day at Chooz. It was for this reason that it was necessary that it be shielded 
from cosmic ray background by going deep underground. 

In its initial report in 2003 (Ref. 16.7), the KamLAND experiment had 54 events, an 
estimated single event from background, and a total expected in the absence of oscillations 
of 86.8 ± 5.6. The ratio of observed to expected rates was given as 0.611 ± 0.085(stat) ± 
0.041 (syst). This required that sin 2 20 so i be greater than about 0.25 at 95% CL, but allowed 
any value of Am 2 o] greater than about 10~ 5 eV 2 . Because the disappearance probability 
depends directly on the incident antineutrino energy, the spectrum of energies observed 
should be distorted from the initial spectrum by the oscillations. By fitting to the energy 
spectrum KamLAND was able to determine best values for sin - 2# s0 ] and Am 2 separately, 
with the results sin 2 2# so i = 1.0, Am 2 ol = 6.9 x 10~ 5 eV 2 . This result was decisive in 
choosing the large mixing angle (LMA) solution for the solar neutrino puzzle. 

KamLAND reported again in 2005, with much increased statistics (Ref. 16.8). The num- 
ber of signal events with backgrounds subtracted was near 240 while the expectation in 
the absence of oscillations was 356 ± 24. With this much larger sample it was possible to 
establish the oscillatory behavior of the energy spectrum as a function of l/E. From the 
KamLAND data alone, Am 2 ol was determined to be 7.9 * 0 ' 5 x 10~ 5 eV 2 with tan 2 # so i & 

9 -1-0 10 9 

0.46. Including solar neutrino data determined tan - 9 S0 \ — 0.40 _ 007 , i.e. sin 26 so \ = 
0.82±0.07. A much larger sample with more that 1600 events collected through May 2007 
showed nearly two cycles of oscillation, once the effect of antineutrinos from terrestrial 
sources were taken into account. See Figure 16.5. The KamLAND results significantly 
tightened the limits on Am 2 o] . Combining with results from solar neutrino experiments 
gave Am 2 0l = (7.59 ± 0.21) x 10" 5 eV 2 and tan 2 6> so i = 0.47+°^. 



16.10 Investigating Atmospheric Neutrino Oscillations with Accelerators 

Despite the remarkable achievements of Super-Kamiokande, it was inevitable that accel- 
erators would eventually seize center stage. Cosmic rays provide unmatched reliability: 
they never shut down. But a neutrino beam produced by decaying pions and kaons has 
a well-defined direction and a relatively small range in energy. The oscillations of atmo- 
spheric neutrinos gave Am 2 tm «3x 10~ 3 eV 2 , so from Eq. (16.9), to see the effect we 
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Figure 16.5. The survival probability of v e as measured by KamLAND (Ref. 16.9). Backgrounds, 
including terrestrial antineutrinos, have been subtracted. The baseline Lq — 180 km is the result of 
weighting contributions from the various contributing reactors in Japan. 



need E/L ~ (1 GeV/300km). Certainly the detector cannot be located at the accelerator 
itself! 

Aiming a beam from the 12-GeV proton synchroton at KEK in Tsukuba at the Super- 
Kamiokande detector 250 km away provides an excellent match to these requirements. 
A detector located just 300 meters from the target provided a means of monitoring the 
neutrino beam. Data from two years' running, beginning in June 1999 and reported in 2003 
(Ref. 16.10) produced 56 muon events against an expectation of 80*5 4 in the absence 
of oscillation. The energy distribution of the events was also distorted from the spectrum 
expected without oscillations. While the best fit to the data gave sin 2 20 atm very near unity 
and Am atm = 2.7 x 10~ 3 eV 2 , the values were poorly determined. With approximately 
twice the data, in 2006 K2K reported essentially the same central value, but with a much 
narrower range, 1.9 x 10~ 3 eV 2 < Am 2 tm < 3.5 x 10~ 3 eV 2 (Ref. 16.11), and again 
sin 2 2# atm very near unity. 

The MINOS (Main Injector Neutrino Oscillation Search) at Fermilab used a much 
more energetic beam, 120-GeV protons, to create a neutrino beam maximized at energies 
between 1 and 3 GeV (Ref. 16.12). The far detector was located in the Soudan iron mine, 
735 kilometers away in Minnesota and had a more conventional structure for an accelerator 
experiment. The muons were observed with steel plates and scintillator, read out with 
photomultiplier tubes. A near detector, one kilometer from the origin of the neutrino beam, 
had the same construction. 

The much higher energy proton beam produced neutrinos up to 30 GeV and beyond, 
but it was the lower energy neutrinos that provided the most useful information. Neutral- 
current events were separated from the charged-current events by the pattern of energy 
deposition in the detector. The disappearance of muons was apparent: below 10 GeV 
122 muon events were seen when 238 ± 11 would have been expected in the absence of 
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oscillations. The results for the mixing parameters were quite similar to those obtained 
by K2K and Super-Kamiokande: 2.31 x 10" 3 eV 2 < Am 2 tm < 3.43 x 10" 3 eV 2 and 
sin 2 20 alm > 0.78 at 90% CL. When data taken through July 2007 were included, these 
limits were significantly improved to Am 2 tm = (2.43 ±0.13) x 10~ 3 eV 2 and sin 2 20 atm > 
0.90 at 90% CL (Ref. 16.13). 



16.11 Neutrinos from Low-Energy Muons 

Accelerators produce primarily v^, which result from the decays tc + — > /x + v^ and K + — »■ 
li + v jx , and v„ from the analogous decays of negative particles. The semileptonic decay 
K + — ► it°e + v e has a 4% branching ratio and is an unfortunate contaminant. 

By working with a low-energy primary proton beam, K production can be excluded. 
The dominance of the decay tt + — > /x + v^ guarantees a nearly pure v^ beam with little v M 
contamination since the muon is so long-lived. On the other hand, a pure /z + beam that is 
stopped in matter will produce a pure v^ source without a v^ component. This provides 
the means to search for both v^ — > v e and v^ — ► v e oscillations. The Liquid Scintillator 
Neutrino Detector (LSND) (Ref. 16. 14) at Los Alamos looked for evidence for both kinds 
of oscillations. 

LSND took data from 1993 and through 1998. Oscillations of v^ — ► v e could be 
detected by observing v e p — > e + n, with the e + producing Cherenkov light and the neu- 
tron yielding a 2.2 MeV photon through tip — > dy. The essence of the experiment is to 
eliminate background v e or other particles that might produce similar events in the liquid 
scintillator, which is viewed with photomultiplier tubes. The initiating proton beam energy 
was only 800 MeV, leading to many fewer negative pions being produced than positive 
pions. Most negative pions were absorbed by nuclei before they could decay weakly; the 
remaining ones would give a negative muon and subsequently e~v fi v e , if the muon was 
not absorbed first. A larger source of background was not associated with the beam and 
could be estimated by measuring the event rate between accelerator pulses. 

In 1995, the experiment reported that with stringent requirements on the gamma iden- 
tification, there were 9 events, with an expected background of 2.1, giving a probability 
that this was a statistical fluctuation of less than 10~ 3 . Fitting to a larger sample obtained 
by relaxing some criteria gave an oscillation probability of (0.34 _ 018 ± 0.07) x 10~ 2 . If 
the neutrinos make many oscillations in the 30 meters between the neutrino source and the 
detector, then this would indicate sin 2 26 « 6.8 x 10~ 3 . The minimal Am 2 consistent with 
the data is found by setting the mixing to its maximum, sin 2 29 — 1 , and if we take E «s 45 
MeV and L » 30 m, we find Am 2 > 0.07 eV 2 . A final report in 2001 (Ref. 16.15) gave a 
consistent result, with 1 18 ± 22 events against an expected background of 30 ± 6 and an 
oscillation probability of (0.264 ± 0.067)%. 

The decay in flight of pions produced at LAMPF generated a beam of v^ whose energy 
spectrum extended beyond 200 MeV. The transformation v^ — »■ v e would be signaled by 
electrons produced in carbon targets through v e C — ► e~X. By looking for electrons with 
energy between 60 and 200 MeV it was possible to exclude events generated by muon 
decay at rest. An analysis of the data from 1993 to 1995 found an excess of 18.1 ± 6.6 
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events and an oscillation probability of (2.6 ± 1.0 ± 0.5) x 10~ 3 , very close to the result 
obtained from decays at rest. The final analysis (Ref. 16.15), however, was ambiguous. 
The excess was 14.7 ± 12.2 events, with a background of 6.6 ±1.7 events, altogether a 
transition probability of (0. 10 ± 0. 16) %, consistent both with no oscillations and with the 
positive result found in decay-at-rest. The result combining both decays at rest and decays 
in flight indicated that at 90% CL, both Am 2 > 0.02 eV 2 and sin 2 26 > 10" 3 . 

The LSND result was incompatible with the three-neutrino pictures because with just 
three neutrinos there can be only two independent mass-squared differences. To account 
for the solar neutrino mass-squared splitting near 8 x 10~ 5 eV 2 , the atmospheric mass- 
squared splitting near 3 x 10 _3 eV 2 and the LSND splitting near 0.1 eV 2 would require 
introducing a fourth neutrino. This neutrino would have to be sterile: it couldn't couple to 
the Z, whose width showed that it coupled to precisely three neutrinos. 

The MiniBooNE experiment (Ref. 16.16) at Fermilab was designed to confirm or con- 
tradict the LSND result. An 8-GeV proton beam impinging on beryllium generated pions 
and kaons. A toroidal magnetic field focused the positive particles. Their decays produced 
a neutrino beam dominated by v^, which interacted in a detector 541 meters away. The 
Cherenkov and scintillation light from the charged particles produced in these interactions 
were viewed by 1280 8-inch photomultiplier tubes. 

The neutrino beam energy was centered at 700 MeV. At this low energy the dominant 
reactions were v^n — ► pT p, v^N —> v^N, v^N — ^ p~Nn and v^N — ^ v^Nn. If 
the LSND result were correct, about 0.26% of the v^ would be transmuted into v e and 
the analogous charged current interactions would produce electrons in place of muons. 
Electrons and muons produced different patterns of light, which could be distinguished by 
the collection of PMTs. Some background events were expected from v e contamination of 
the neutrino beam as a result of K + and Ki decays and from muon decays. Produced it 0 
also contributed because their decay photons gave a signal similar to that of an electron. 
In charged current interactions, the energy of the charged lepton was determined from the 
signals recorded by the PMTs. The energy of the incident neutrino was deduced from the 
angle the lepton made with the incident neutrino direction and from the observed lepton 
energy. Simple events v^n — ► pT p in which the muon decayed in the detector volume and 
the resulting electron was observed provided a powerful check on the procedures. 

A fit was made to the data for events with an observed electron as a function of the 
incident neutrino energy. Without revealing to themselves the parameters determined by the 
neutrino-oscillation fit, the MiniBooNE team examined the quality of the fit. Discrepancies 
in the numbers of events in the low-energy bins led to a decision to restrict the fit to neutrino 
energies about 475 MeV. Once this was done, the fit with no oscillations was found to give 
a x 2 probability 93% indicating no need to include oscillations, in contradiction with the 
LSND results. 



16.12 Oscillations Among Three Neutrino Types 

Neutrino oscillation phenomena have been described above as if each involved only two 
species, though that is clearly incorrect. Evidence from the atmospheric neutrinos showed 
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a mass-squared difference of about 2.5 x 10~ 3 eV 2 , while that in solar neutrinos is about 
8 x 10~ 5 eV 2 . Thus there must be two mass-eigenstate neutrinos separated in mass-squared 
by the smaller amount, and a third mass eigenstate separated from the first two by the larger 
amount. 

Now there appears to be a puzzle in that the Chooz reactor experiment indicated that 
AMp hooz < 10~ 3 eV 2 while the atmospheric experiment found a larger value in the oscil- 
lations of v^. This is resolved if we suppose that v e is mostly made of the two neutrinos 
with similar masses, v\ and vi- Then experiments, like Chooz and solar neutrino measure- 
ments, will depend nearly entirely on this two-state system, characterized by a small value 
for AM 2 — Am 2 ol . This justifies the treatment of solar neutrinos as a two-state system. 

The MNS matrix U, which changes flavor eigenstates \v a ) into mass eigenstates |v,-), 
2a \ v a)U a ,i — \vj) can be written as 



[VI 



1'2 



V 3 ] = [ v e 



Vr ]U 



(16.24) 



where 
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Here we have introduced the angles 



< j and 5,/ = sin( 



'j' *-'; 



= cos #,','. This 



has the same form as the CKM matrix, except for the additional angles a\ and a2- These 
change the phase of the Majorana neutrinos 1 and 2. Ordinarily such a phase would be 
irrelevant because usually a state and its conjugate with the opposite phase will occur. 
However, Majorana neutrinos are their own conjugates. In neutrinoless double beta decay, 
these phases have observable consequences, though they do not affect neutrino oscillations. 
The meaning of the angles fyj is clearer if we write, dropping the as 



U 



1 0 0 

0 C 2 3 S23 
0 -523 C 2 3 



C13 0 S13C 

0 1 0 

js 0 



-size 



-iS "I 



C13 



C12 S12 0 
-S12 C\2 0 

0 0 1 



(16.26) 



The amount of V3 in the electron neutrino is governed by #13. The Chooz experiment 
shows that it is small. However, it is this small entity in the MNS matrix that carries the CP 
violation that can be seen in oscillation experiments like v^ — ► v e vs v^ — ► v e . 

In the limit of small ^13, solar neutrino oscillations are described by #12. The oscillations 
occur between v e and the combination v x — C23 v^ — S23 v T . The angle 023 cannot be studied 
in solar neutrino reactions because low energy v M and v T behave identically. 
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In atmospheric neutrino experiments, where AM 2 = Am 2 tm « 2.5 x 10 _3 eV 2 gov- 
erns, the small mass-squared splitting between vi and V2 cannot be seen, so 0i2 does not 
influence the behavior. If we set it to zero, and again drop $13 as being small, we see that 
023 is the mixing angle for the cosmic-ray experiments like Super-Kamiokande. 

Both 0i2 and 023 are large, while 9\t> is small. However, it is this small entity in the 
MNS matrix that carries the CP violation that could be seen in oscillation experiments like 
v ijl —*■ v e vs v jA — > v e . See Exercise 16.7 and 16.8. The differences of squares of neutrino 
masses are simply related to the values of AM 2 found in the solar and atmospheric neutrino 
oscillations: Am 2 ol = m?, — m\, Am 2 tm = \mk — m 2 | s» |m? — m\\. 

Three fundamental questions remain in neutrino physics: the values of sin 20b and S, 
and whether the two nearly equal-mass states lie above or below the third mass eigenstate. 
One possibility for the CP violation required to explain the baryon-antibaryon asymmetry 
of the universe is that it derives ultimately from CP violation in the decays of the extremely 
heavy neutrinos that are the see-saw partners of the ordinary neutrinos. Measuring CP vio- 
lation in the interactions of the light neutrinos would provide some circumstantial evidence 
for CP violation in the inaccessible neutrinos. 



Exercises 

16.1 Estimate the flux of solar neutrinos from the pp — ► de + v e process at the surface 
of the Earth using the surface temperature of the Sun, 5777 K, and its surface area, 
6.1 x 10 18 m 2 . The overall primary cycle initiated by the pp process is 

Ap -+ He 4 + 2e+ + 2v e 

whereby about 26. 1 MeV is generated, aside from that carried away by the neutrinos 
themselves. Remember that the energy emission per unit area from a black body is 
/ = aT 4 , where the Stefan-Boltzmann constant is 

jr 2 k 4 
° = TT^TT = 5 - 67 x 10 " 8 Wm- 2 (deg K)" 4 . 



16.2 Verify the numerical relation in Eq. (16.12). Verify the claim that an electron-neutrino 
would accumulate a phase of 2jt from the MSW effect traversing 1.6 x 10 4 km of 
hydrogen with a density of 1 gem -3 . 

16.3 For the SNO detector described in Ref. 16.3, estimate the energy resolution using 
Poisson statistics and the mean number of PMT hits per MeV of electron energy. 
Compare with the detailed fit to the resolution given in the paper. 

16.4 Calculate the suppression of solar neutrinos by mixing and the MSW effect as a 
function of the neutrino energy taking tan0o = 0.47 as suggested by the KamLAND 
data. Assume the problem can be treated as involving only two neutrino species. Take 
AM 2 = 8x 10~ 5 eV 2 . Use Table 16.1. Assume that the "other" contributions (from 
13 N, 15 0 and pep) are concentrated near 1 MeV. Determine the quality of the fit to 
the gallium and chlorine data. 



16. Neutrino Masses and Oscillations 511 

16.5 Show that in the three neutrino scheme, the probability of oscillation from a to /3 is 

„_ „/Am?,Z,\ 

P(v a -» Vfs) = S afi - 4 £ SR(C/* ; £/# £/„; £/*,) sin 2 1 -^- J 

__ /Am?,L\ 

+ 2jJi(JJZ i UpiU tlj W N ) sin I -^J- j . 



CPT requires P(v a — >■ v^) = P(v^ — »■ v„). The expression for P(v a — >■ vp) is 
obtained from P(v a — ► v^g) by replacing [/ with £/*. 

16.6 Use the result above to show that in a neutrino reactor experiment aimed at measuring 
sin 2 0i3 where Am^ l L/(4E) « jr/2 , the survival probability is given by 



P(v e — »■ v e ) = 1 — sin 20i2 sin 



4£ 



sin 20i3 sin 



Am^L 
4£ 



In an experiment with Am 2 jL/(4£) y> 1 designed, like KamLAND, to measure 
Am 2 j and sin 2 20i2, the appropriate approximation is 



P(v e ->• v e ) = COS 013 



1 - sin 2 20i2 sin 2 



4E 



16.7 Verify that 



P(Vfi -+ v e ) = sin 2 023 sin 2 20B sin 2 A 3i 

+ sin 20n A21 sin 20i2 sin 2023 sin A31 cos(A3i + <5) 
+ Aji cos 2 023 sin 2 20i2 



where A, ; - = Amj-L/(4E) and where sin20i3, A21 and [Am^/Am^l are treated 
as small. For v^ -¥ v e the sign of 8 is reversed. Using the experimental values for 
Am 2 j and Am 2 p determine the size of the CP asymmetry 



A = 



PjVfi ->• V e )~ PJVjx ~> Ve) 

P(v M -* v e ) + Piv^ ->• v e )' 



Evaluate as a function of sin20i3 and <5. Assume sin 2 20^ = 0.82, sin 2 2023 = 1.0, 
and suppose A31 = n/2 so that the asymmetry is maximized. 
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16.8 If the neutrinos in Exercise 16.7 are not traveling in vacuum, but in a material with 
electron density N e , the oscillation probability is instead given by 

d, s ■ 2 a ■ 2r, a sin2 (! -*) A 31 

P (Vn -+ v e ) = sin z 0 23 sin z 20 i3 -= 

(l -x) 2 - 

Am,, sin[(l — x)A3i] sinxA3i 

H fi sin 20 B sin 20 n sin 20 23 — — — — cos(A 3 i + S) 

Ami, 1 - x x 



'31 




2 5 

2 a ■ 2™ sin z (xA 3 i) 

COS 023 Sin 2012 1 



where x — 2^/2G f N ' e E / Ami and where non-leading terms in Am^/Am^ and 
013 have been neglected. Show that for rock with a density of about 2.4 g/cm 3 , x » 
£(GeV)/14 if Am 2 j is positive. 

Introduce the variables x — sin20i3 cos 5, y — sin20i3 sin 5. Take Am^, lAm^J, 
sin 20i2 an d sm 20b as known. Show that for given E and L, the equations Piv^ — > 
Ve) — C\ and Piv^ —> v e ) — C2 give circles in the x-y plane. What are the radii 
and centers of the circles? For the antineutrino case, A31 + S becomes A31 — 8. The 
sign of x is reversed for the antineutrino case because the antineutrino has a potential 
opposite that for a neutrino in matter. How are the equations changed if the neutrino 
spectrum is inverted and how is this reflected in the pattern of the circles in the x-y 
plane? 
16.9 Neutrino beams are formed by focusing pions produced in high energy proton col- 
lisions with a fixed target. Pions of a single charge are focused toward the forward 
direction with a magnetic field. In an idealized description all the pions are mov- 
ing along a single axis. A single pion of energy E„ — ym„ decays isotropically 
in its own rest frame to jjlv^. Show that in the high energy limit, the distribution of 
neutrinos in the lab frame is 

dN 4y 2 1 



d<t>d cos e tab (1 + Y 2 ef a h ) 2 4tt 

where we assume 9j a i, << 1. The maximum transverse momentum of the neutrino is 
p* — (m 2 — m 2 )/(2m n ). At a fixed 9i a b, what is the highest neutrino energy, E™ ax l 
For fixed 9i a b an d neutrino energy E v < E" mx , pions of two distinct energies may 
contribute, corresponding to decays in the forward and backward hemispheres in the 
pion rest frame. Show that the requried values of y are 



pmax 

y ± 0iab = ^— ± 



(V) 



Suppose that the produced pions have a distribution dN/dy where y — E^/m^. 
Show that the spectrum of neutrinos through a detector of area A at a distance R from 
the source and at an angle 9i a b is 
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dN 
dE v 



q3 pmax Ajr p2 
7 lab n v ^ nn 



K /E v 



(pmax \ * 



dN , dN 

-riY + ) + -r(Y~) 

dy dy 



dN , dN 
_dy dy 



Show that in the very forward direction, this reduces to 



dN A El dN 

dE- (e = 0) =4^2^^y- (y 



2p* 



Suppose the neutrino spectrum in the forward direction has the parabolic form 
dN/dE ex E(Eq — E) with Eq — 6 GeV. What will the neutrino spectrum look like 
at angles Q\ — 7, 14, 27 mr off-axis? 
16.10 Neutrinoless double beta decay depends on the Majorana masses of the neutrinos 
and the MNS mixing matrix. The decay amplitude is proportional to the effective 
neutrinoless double beta decay Majorana mass 



= 2> y « 



In standard spectrum the two states with similar mass lie below the third state. In 
the inverted spectrum the two states with similar mass lie above the third. Since only 
differences of masses squared have been measured, the mass m* of the lightest state is 
unknown. Determine the maximum and minimum values of \mpp | as a function of m* 
for the standard and inverted spectra. Take as representative values tan 2 6n — 0.40, 
sin 2 2013 = 0. 10, Am 2 ! = 2.5 x 10" 3 eV 2 , Am 2 j = 8.5 x 10" 5 eV 2 . The values of 
the phases u\, 0*2, and S of the MNS matrix are not known and may be varied freely 
to obtain the maximal and minimal values ofmpp. Show that there are values of m* 
for the standard spectrum where there is no lower bound to mpe- What upper limit 
on Tripp would exclude the possibility that neutrinos are Majorana with an inverted 
spectrum? Graph the allowed regions of mpp as a function of m* using a linear plot 
to simplify the work. 



Further Reading 

Convenient reviews of many aspects of neutrino oscillations are given in the current 
Review of Particle Physics. 
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A search was made for solar neutrinos with a detector based upon the reaction Cl 37 (y, 
e~)Ar 3 '. The upper limit of the product of the neutrino flux and the cross sections for 
all sources of neutrinos was 3X10 -36 sec -1 per CI 3 ' atom. It was concluded specifical- 
ly that the flux of neutrinos from B 8 decay in the sun was equal to or less than 2x lo e 
cm -2 sec i at the earth, and that less than 9% of the sun's energy is produced by the 
carbon-nitrogen cycle. 



Recent solar-model calculations have indicated 
that the sun is emitting a measurable flux of neu- 
trinos from decay of B 8 in the interior. 1 " 8 The 
possibility of observing these energetic neutri- 
nos has stimulated the construction of four sepa- 
rate neutrino detectors. 9 This paper will pre- 
sent the results of initial measurements with a 
detection system based upon the neutrino capture 
reaction Cl 37 (y, e~)Ar 37 . It was pointed out by 
Bahcall 10 that the energetic neutrinos from B 8 
would feed the analog state of Ar 37 (a superal- 
lowed transition) that lies 5.15 MeV above the 
ground state. The importance of the contribution 
of the B B neutrino flux is readily seen from the 
neutrino-capture cross sections and the solar 
neutrino fluxes given in Table I. The tabulated 
fluxes were taken from the calculations of Bah- 
call and Shaviv, 8 who studied the effect of errors 
in the parameters— solar composition, luminos- 
ity, opacity, and nuclear reaction cross sections. 
These authors have placed a probable error of 
60% on the calculated B 8 flux. Their predicted 
B 8 flux for mean values of the various parame- 
ters agrees well with the independent calcula- 
tions of Ezer and Cameron. 5 On the basis of 
these predictions, the total solar-neutrino-cap- 
ture rate in 520 metric tons of chlorine would be 
in the range of 2 to 7 per day. 



The detector design . —A detection system that 
contains 390 000 liters (520 tons chlorine) of liq- 
uid tetrachloroethylene, C 2 C1 4 , in a horizontal 
cylindrical tank was built along the lines pro- 
posed earlier. 11 The system is located 4850 ft 
underground [4400 m (w.e.)] in the Homestake 
gold mine at Lead, South Dakota. It is essential 
to place the detector underground to reduce the 
production of Ar 37 from (p,n) reactions by pro- 
tons formed in cosmic-ray muon interactions. 
The rate of Ar 37 production in the liquid by cos- 
mic-ray muons at this location is estimated to 
be 0.1 Ar 37 atom per day. 11 Background effects 
from internal a contaminations and fast neutrons 
from the surrounding rock wall are low. The to- 
tal Ar 37 production from all background process- 
es is less than 0.2 Ar 37 atom per day, which is 
well below the rate expected from solar neutri- 
nos. 

Neutrino detection depends upon removing the 
Ar 37 from a large volume of liquid contained in a 
sealed tank, and observing the decay of Ar 37 (35- 
day half-life) in a small proportional counter 
(0.5 cm 3 ). It is therefore necessary to have an 
efficient method of removing a fraction of a cu- 
bic centimeter of argon from 390 000 liters of 
C 2 C1 4 . The Ar 37 activity is removed by purging 
with helium gas. Liquid is pumped uniformly 



Table I. Solar neutrino fluxes and cross sections for the reaction Cl 37 ^,^ )Ar 37 



Neutrino source 



Cross section a » b 
(cm 2 ) 



Neutrino flux 
at the earth 
(cm -2 sec -1 ) 



10 35 C7(p 

(sec -1 ) 



H + H+e — D + v 
Be 7 decay 
B 8 decay 
N 13 decay 
O 15 decay 



1.72X10 -45 
2.9 X10- 46 

1.35 X10- 42 
2.1 X10- 46 
7.8X10- 46 



1.7X10 8 
3.9X10 9 
1.3(1±0.6)X10 7 
1.0X10 9 
1.0X10 9 



T*<po-- 



0.03 


0.11 


1.8(1±0.6) 


0.02 


0.08 


2.0(1±0.6)X10 



Ttef. 4. 



°Ref. 10. 



°Ref. ; 
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from the bottom of the tank and returned to the 
tank through a series of 40 eductors arranged 
along two horizontal header pipes inside the tank. 
The eductors aspirate the helium from the gas 
space (2000 liters) above the liquid, and mix it 
as small bubbles with the liquid in the tank. The 
pump and eductor system passes helium through 
the liquid at a total rate of 9000 liters per min- 
ute maintaining an effective equilibrium between 
the argon dissolved in the liquid and the argon in 
the gas phase. 

Argon is extracted by circulating the helium 
from the tank through an argon extraction sys- 
tem. Gas flow is again achieved by a pair of 
eductors in the tank system, and they maintain a 
flow rate of 310 liters per minute through the ar- 
gon extraction system. The tetrachloroethylene 
vapor is removed by a condenser at -40 °C fol- 
lowed by a bed of molecular sieve adsorber at 
room temperature. The helium then passes 
through a charcoal bed at 77 °K to adsorb the ar- 
gon, and is finally returned to the tank. This ar- 
rangement is shown schematically in Fig. 1, 
The apparatus is located in three separate rooms 



in the mine as indicated in the diagram. 

The argon sample adsorbed on the charcoal 
trap is removed by warming the charcoal while 
a current of helium is passed through it. The ar- 
gon and other rare gases from the effluent gas 
stream are collected on a small liquid -nitrogen- 
cooled charcoal trap (1 cm diam by 10 cm long). 
Finally, the gases from this trap are desorbed 
and heated over titanium metal at 1000°C to re- 
move all traces of chemically reactive gases. 
The resulting rare gas contains krypton and xe- 
non in addition to argon. These higher rare gas- 
es were dissolved from the atomosphere during 
exposure of the liquid during the various manu- 
facturing, storage, and transfer operations. 
Krypton and xenon are much more soluble in tet- 
rachloroethylene than argon, and, therefore, 
they are more slowly removed from the liquid 
by sweeping with helium. Since the volume of 
krypton and xenon in an experimental run is com- 
parable with or exceeds the volume of argon, it 
is necessary to remove these higher rare gases 
from the sample. A more important considera- 
tion is that atmospheric krypton contains the 



r~ 
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FIG. 1. Schematic arrangement of the Brookhaven solar neutrino dector. 
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10.8-yr fission product Kr 85 . The rare gases re- 
covered from the tank are therefore separated 
by gas chromatography. To Insure complete re- 
moval of krypton from the argon sample, a sec- 
ond gas chromatographic separation is made of 
the argon fraction. Experience has shown that 
these two successive chromatographic separa- 
tions reduce krypton concentration in the argon 
sample to less than 10 -8 parts per volume. The 
entire purified argon sample is counted in a 
small proportional counter that will be described 
later. 

Argon recovery tests . -After the air and air 
argon had been removed from the system by pro- 
longed sweeping with helium, the argon recovery 
efficiency of the system was measured by an iso- 
tope dilution method. A measured volume of 
99.9% Ar 36 was introduced into the tank and dis- 
solved in the liquid with the eductor system. It 
was then recovered by six separate purging oper- 
ations. The Ar 38 recovered from each purge was 
determined by a volumetric and argon mass-ra- 
tio measurement. It was found that the volume 
of Ar 36 in the tank dropped exponentially with the 
volume of helium circulated according to 



u(Ar)/t) 0 (Ar) =e 



-7.21xlCr 6 y(He) 



where *; 0 (Ar) is the initial volume of Ar 38 and 
v(Ar) is the volume remaining after V(Ke) liters 
of helium have passed through the extraction sys- 
tem. This test showed that a 95% recovery of ar- 
gon from the tank can be achieved by circulating 
0.42 million liters of helium through the extrac- 
tion system, which requires a period of 22 h. 
Another test of the argon recovery from the 
tank was performed with Ar 37 activity produced 
in the tank by a fast -neutron irradiation. A Ra- 
Be neutron source with a total neutron emission 
rate of 7.38X10 4 neutrons sec -1 was inserted in 
a re-entrant iron pipe that reaches to the center 
of the tank. The liquid was irradiated with this 
source for 0.703 days producing Ar 37 in the liq- 
uid by the reaction Cl 37 (£,n)Ar 37 from the pro- 
tons produced in the liquid principally by the re- 
action Cl 35 (n,£)S 35 . Carrier Ar 38 was introduced 
(1.18 std cc) and the tank was swept three succes- 
sive times with helium in which the volumes 
passed were, respectively, 0.35, 0.26, and 0.34 
millions of liters of helium. The recovered ar- 
gon was purified and counted following the proce- 
dures given below. The Ar 37 activities in the 
three separate purges were found to be 63.4 
±3.6, 2.3*1.1, and 0.7 ±0.5 disintegrations per 



day at the end of the neutron irradiation. The to- 
tal Ar 37 production rate observed in this experi- 
ment was (7.5±0.4) xlO -7 Ar 37 atom per neutron. 
This production rate compared favorably with 
similar measurements in containers of smaller 
diameters (29 and 120 cm) which gave yields of 
3.0xl0 -7 and 6.4 xlO -7 Ar 37 atom per neutron, 
respectively. The Ar 36 recoveries from each of 
the three successive purges were 90.6, 6.2, and 
0.7%, matching closely the Ar 37 recoveries. 

One might question whether Ar 37 produced by 
the {v, e~) reaction would also be removed effi- 
ciently, since it would initially have a lower re- 
coil energy than Ar 37 produced by the {p,n) reac- 
tion. The Ar 37 recoil energy resulting from neu- 
trino capture ranges from 11 to over 1000 eV for 
neutrino energies of 1 to 10 MeV. These recoil 
energies are sufficient to assure that the Ar 37 
ion formed would be free of the parent molecule, 
and, therefore, it would be expected to behave 
chemically similarly to an Ar 37 atom produced 
by the {p,n) reaction. Once an Ar 37 atom exists 
as a free atom it will mix with the carrier Ar 36 
present in the liquid (10 10 atoms cm -3 ) and be re- 
moved by the helium purge. 

Counting . -The argon sample is counted in a 
small proportional counter with an active volume 
3 cm long and 0.5 cm in diameter. A small 
amount of methane is added to the argon to im- 
prove the counting characteristics of the gas. 
The counter cathode was constructed of zone-re- 
fined iron and the exterior envelope is made of 
silica glass. A thin window in the envelope is lo- 
cated at the end of the counter to facilitate ener- 
gy calibration of the counter with Fe 55 x rays. 
The counter is shielded from external radiations 
by a cylindrical iron shield 30 cm thick lined 
with a ring of 5-cm-diam proportional counters 
for registering cosmic-ray muons. The argon 
counter is held in the well of a 12.5- by 12.5-cm 
sodium-iodide scintillation counter located in- 
side the ring counters. Events in anticoinci- 
dence with both the ring counters and the scintil- 
lation counter are recorded on a 100-channel 
pulse-height analyzer. 12 The pulse-height and 
time distribution of the events are recorded on 
paper tape. Each anticoincidence pulse is dis- 
played on a storage oscilloscope and photographed 
to allow examination of each pulse shape to in- 
sure that it has a proper shape and is not caused 
by electrical noise. The counter had a 28% reso- 
lution (full width at half -maximum) for the 2.8- 
keV Auger electrons from the Ar 37 decay. The 
operating voltage and amplifier gain are adjust- 
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FIG. 2. Pulse-height spectra. 

ed to place the center of the 2.8-keV Ar 37 peak 
at channel 50 in the spectrum. The background 
counting rate in the 14 channels centered around 
channel 50 is 0.3 count per day (see Fig. 2). The 
efficiency of the counter was determined by fill- 
ing with argon containing a known amount of Ar 37 . 
Its efficiency for Ar 37 is 51 % for the 14 channels 
centered about channel 50. 

Results and discussion . —Two experimental 
runs have been performed. In both experiments 
a measured volume of Ar 36 was introduced into 
the tank at the start of the period of exposure, 
and mixed into the liquid for a period of approxi- 
mately two hours with the eductor system. Dur- 
ing the period of exposure the pumps were not 
operated. A positive pressure of helium of ap- 
proximately 250 mm of Hg exists in the tank at 
all times. 

The first exposure was 48 days. The tank was 
purged with 0.50 million liters of helium. A vol- 
ume of 1 .27 std cc of argon was recovered from 
the tank, and this volume contained 94 % of the 
carrier Ar 36 introduced at the start of the expo- 
sure. It was counted for 39 days and the total 
number of counts observed in the Ar 37 peak posi- 
tion (full width at half -maximum) in the pulse- 
height spectrum was 22 counts. This rate is to 
be compared with a background rate of 31 ± 10 
counts for this period. The neutrino-capture 
rate in the tank deduced from the exposure, 
counter efficiency, and argon recovery from this 
experiment was (-1 .1 ± 1 .4) per day. 

A second exposure was made for 110 days 
from 23 June to 11 October 1967. The tank was 
purged with 0.53 million liters of helium yielding 
0.62 cm 3 of argon with a 95% recovery of the ad- 
ded carrier Ar 36 . The pulse-height spectra are 
shown in Fig. 2 for the first 35 days of counting 



and also for a total period of 71 days. This rate 
can be compared with the background rate for 
the counter filled with Ar 36 purified in an identi- 
cal manner (shown in Fig. 2). It may be seen 
from the pulse-height spectrum for the first 35 
days of counting that 1 1 ± 3 counts were observed 
in the 14 channels where Ar 37 should appear. 
The counter background for this period of time 
corresponded to 12±4 counts. Thus, there is no 
increase in counts from the sample over that ex- 
pected from background counting rate of the 
counter. One would deduce from these rates 
that the neutrino-capture rate in 610 tons of tet- 
rachloroethylene was equal to or less than 0.5 
per day based upon one standard deviation. A 
similar limit can be obtained if one examines the 
shape of the pulse-height spectrum for extra 
counts in the 14 channels centered about channel 
50 in the first 35-day count. 
This limit, expressed as 

£>ct«0.3x10 -35 sec -1 per CI 37 atom, 

can be compared with the predicted value of (2.0 
± 1 .2) xlO -35 sec" 1 per CI 37 atom (Table I). It 
may be seen that this limit is approximately a 
factor of 7 below that expected from these solar- 
model calculations. From this limit and the 
cross section for B 8 neutrinos given in Table I, 
it may be concluded that the flux of B 8 neutrinos 
at the earth is equal to or less than 2xl0 6 cm -2 
sec -1 . It may be pointed out that if one accepted 
all of the 11 counts in the spectrum for the 35- 
day count as real events, making no allowance 
for background, then the flux-cross-section 
product limit would be 0.6 xlO -35 sec -1 per CI 37 
atom. 

The solar-model calculation of the flux of B 8 
neutrinos is dependent upon the nuclear cross 
sections, solar composition, solar age and lu- 
minosity, and the opacity of solar material. The 
effect of each of these parameters has been stud- 
ied, and the present results show that the solar 
B s neutrino flux is outside the present error lim- 
its if the uncertainties are treated as probable 
errors. 6 " 8 In the following article 13 Bahcall, 
Bahcall, and Shaviv have re-evaluated the solar 
neutrino fluxes taking tnto account a new value 
for the heavy element composition of the sun, 
and a new rate for the reaction H(H, e + v)T>. 

Since this experiment is the first one with suf- 
ficient sensitivity to detect solar neutrinos from 
the carbon-nitrogen cycle, it is interesting to 
draw a conclusion about this energy cycle. Bah- 
call 4 has calculated the total flux-cross-section 
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product for the carbon-nitrogen cycle to be 3.5 
xlO -35 sec -1 per CI 37 atom, based on this cycle 
being the only source of the sun's energy. With 
the limit given above one can conclude that less 
than 9 % of the sun's energy is produced by the 
carbon-nitrogen cycle. 

It is possible to improve the sensitivity of the 
present experiment by reducing the background 
of the counter. However, background effects 
from cosmic-ray muons will eventually limit the 
detection sensitivity of the experiment at its 
present location. Detailed studies of the cosmic- 
ray background are in progress. 
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We present an analysis of atmospheric neutrino data from a 33.0 kton yr (535-day) exposure of the 
Super-Kamiokande detector. The data exhibit a zenith angle dependent deficit of muon neutrinos which 
is inconsistent with expectations based on calculations of the atmospheric neutrino flux. Experimental 
biases and uncertainties in the prediction of neutrino fluxes and cross sections are unable to explain our 
observation. The data are consistent, however, with two-flavor v^ *-*■ v r oscillations with sin 2 29 > 
0.82 and 5 X 10" 4 < Am 2 < 6 X 10" 3 eV 2 at 90% confidence level. [S003 1-9007(98)06975-0] 

PACS numbers: I4.60.Pq, %.40.Tv 

Atmospheric neutrinos are produced as decay products of electron and muon neutrinos is dominated by the pro- 
in hadronic showers resulting from collisions of cosmic cesses tt + — * /x + + v„ followed by fx + —* e + + v ^ + 
rays with nuclei in the upper atmosphere. Production v e (and their charge conjugates) giving an expected ratio 
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(= VuliVt) of the flux of v^ + v '„ to the flux of v e + T> e 
of about 2. The v^/v,, ratio has been calculated in detail 
with an uncertainty of less than 5% over a broad range of 
energies from 0.1 to 10 GeV [1,2]. 

The Vp) ' v e flux ratio is measured in deep underground 
experiments by observing final state leptons produced via 
charged-current interactions of neutrinos on nuclei, v + 
N —> I + X. The flavor of the final state lepton is used to 
identify the flavor of the incoming neutrino. 

The measurements are reported as R = (jJ./e)oATA/ 
(fj./e) M c, where fj. and e are the number of muon- 
like (jtt-like) and electronlike (e-like) events observed 
in the detector for both data and Monte Carlo simu- 
lations. This ratio largely cancels experimental and theo- 
retical uncertainties, especially the uncertainty in the 
absolute flux. R = 1 is expected if the physics in the 
Monte Carlo simulation accurately models the data. 
Measurements of significantly small values of R have 
been reported by the deep underground water Cherenkov 
detectors Kamiokande [3,4], 1MB [5], and recently by 
Super-Kamiokande [6,7]. Although measurements of R 
by early iron-calorimeter experiments Frejus [8] and NU- 
SEX [9] with smaller data samples were consistent with 
expectations, the Soudan-2 iron-calorimeter experiment 
has reported observation of a small value of/? [10]. 

Neutrino oscillations have been suggested to explain 
measurements of small values of R. For a two-neutrino 
oscillation hypothesis, the probability for a neutrino pro- 
duced in flavor state a to be observed in flavor state b after 
traveling a distance L through a vacuum is 

, , 2( q.27Am 2 (eV 2 )L(km) ^ 
P„^i, = sin 20 sin ], (1) 



£„(GeV) 

where E„ is the neutrino energy, 0 is the mixing angle 
between the flavor eigenstates and the mass eigenstates, 
and Am 2 is the mass squared difference of the neutrino 
mass eigenstates. For detectors near the surface of the 
Earth, the neutrino flight distance, and thus the oscilla- 
tion probability, is a function of the zenith angle of the 
neutrino direction. Vertically downward-going neutrinos 
travel about 1 5 km, while vertically upward-going neutri- 
nos travel about 1 3 000 km before interacting in the detec- 
tor. The broad energy spectrum and this range of neutrino 
flight distances make measurements of atmospheric neu- 
trinos sensitive to neutrino oscillations with Am 2 down to 
1CT 4 eV 2 . The zenith angle dependence of/? measured 
by the Kamiokande experiment at high energies has been 
cited as evidence for neutrino oscillations [4]. 

We present our analysis of 33.0 kton yr (535 days) of 
atmospheric neutrino data from Super-Kamiokande. In 
addition to measurements of small values of R both above 
and below ~ 1 GeV, we observed a significant zenith angle 
dependent deficit of /i-like events. While no combination 
of known uncertainties in the experimental measurement 
or predictions of atmospheric neutrino fluxes is able to 
explain our data, a two-neutrino oscillation model of 



Vu <-» v x , where v x may be v T or a new, noninteracting 
"sterile" neutrino, is consistent with the observed flavor 
ratios and zenith angle distributions over the entire energy 
region. 

Super-Kamiokande is a 50 kton water Cherenkov detec- 
tor instrumented with 1 1 146 photomultiplier tubes (PMTs) 
facing an inner 22.5 kton fiducial volume of ultrapure wa- 
ter. Interaction kinematics are reconstructed using the time 
and charge of each PMT signal. The inner volume is sur- 
rounded by a ~2 m thick outer detector instrumented with 
1885 outward-facing PMTs. The outer detector is used to 
veto entering particles and to tag exiting tracks. 

Super-Kamiokande has collected a total of 4353 fully 
contained (FC) events and 301 partially contained (PC) 
events in a 33.0 ktonyr exposure. FC events deposit all 
of their Cherenkov light in the inner detector while PC 
events have exiting tracks which deposit some Cherenkov 
light in the outer detector. For this analysis, the neutrino 
interaction vertex was required to have been reconstructed 
within the 22.5 kton fiducial volume, defined to be >2 m 
from the PMT wall. 

FC events were separated into those with a single visible 
Cherenkov ring and those with multiple Cherenkov rings. 
For the analysis of FC events, only single-ring events were 
used. Single-ring events were identified as c-like or ,tt-like 
based on a likelihood analysis of light detected around 
the Cherenkov cone. The FC events were separated into 
"sub-GEV"(E vis < 1330 MeV) and "multi-GeV" (£ vis > 
1330 MeV) samples, where £y; s is defined to be the energy 
of an electron that would produce the observed amount 
of Cherenkov light. E VIS = 1330 MeV corresponds to 
/^ ~ 1400MeV/c. 

In a full-detector Monte Carlo simulation, 88% (96%) of 
the sub-GeV e-like (,tt-like) events were v t (i>„) charged- 
current interactions and 84% (99%) of the multi-GeV 
e-like (/i-like) events were v e (v„) charged-current (CC) 
interactions. PC events were estimated to be 98% v M 
charged-current interactions; hence, all PC events were 
classified as /i-like, and no single-ring requirement was 
made. Table I summarizes the number of observed events 
for both data and Monte Carlo as well as the R values for 
the sub-GeV and multi-GeV samples. Further details of 
the detector, data selection, and event reconstruction used 
in this analysis are given elsewhere [6,7]. 

We have measured significantly small values of R 
in both the sub-GeV and multi-GeV samples. Several 
sources of systematic uncertainties in these measurements 
have been considered. Cosmic ray induced interactions in 
the rock surrounding the detector have been suggested as a 
source of e -like contamination from neutrons, which could 
produce small R values [11], but these backgrounds have 
been shown to be insignificant for large water Cherenkov 
detectors [12], In particular, Super-Kamiokande has 4.7 m 
of water surrounding the fiducial volume; this distance 
corresponds to roughly 5 hadronic interaction lengths 
and 13 radiation lengths. Distributions of event vertices 
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TABLE I. Summary of the sub-GeV, multi-GeV, and PC 
event samples compared with the Monte Carlo prediction based 
on the neutrino flux calculation of Ref. [2]. 







Data 




Monte Carlo 


Sub-GeV 










Single-ring 




2389 




2622.6 


e-like 




1231 




1049.1 


/x-like 




1158 




1573.6 


Multi-ring 




911 




980.7 


Total 




3300 




3603.3 


R = 0.63 ± 


0.03 (stat.) ± 


0.05 


(syst.) 


Multi-Gev 










Single-ring 




520 




531.7 


e-like 




290 




236.0 


/x-like 




230 




295.7 


Multi-ring 




533 




560.1 


Total 




1053 




1091.8 


Partially contained 




301 




371.6 


^FC + PC — 


0.65 


± 0.05 (stat.) 


± 0 


08 (syst.) 



exhibit no excess of e-like events close to the fiducial 
boundary [6,7]. 

The prediction of the ratio of the v^ flux to the v e 
flux is dominated by the well-understood decay chain of 
mesons and contributes less than 5% of the uncertainty in 
R. Different neutrino flux models vary by about ±20% in 
the prediction of absolute rates, but the ratio is robust [13]. 
Uncertainties in R due to a difference in cross sections 
for v e and v^ have been studied [14]; however, lepton 
universality prevents any significant difference in cross 
sections at energies much above the muon mass and thus 
errors in cross sections could not produce a small value of 
R in the multi-GeV energy range. Particle identification 
was estimated to be a 98% efficient for both /i-like and 
e-like events based on Monte Carlo studies. Particle 
identification was also tested in Super-Kamiokande on 
Michel electrons and stopping cosmic-ray muons and the 
/i-like and e-like events used in this analysis are clearly 
separated [6]. The particle identification programs in 
use have also been tested using beams of electrons and 
muons incident on a water Cherenkov detector at KEK 
[15]. The data have been analyzed independently by 
two groups, making the possibility of significant biases in 
data selection or event reconstruction algorithms remote 
[6,7]. Other explanations for the small value of R, such as 
contributions from nucleon decays [16], can be discounted 
as they would not contribute to the zenith angle effects 
described below. 

We estimate the probability that the observed fj./e ratios 
could be due to statistical fluctuation is less than 0.001% 
for sub-GeV R and less than 1% for multi-GeV R. 

The ,u.-like data exhibit a strong asymmetry in zenith 
angle (0) while no significant asymmetry is observed in 
the e-like data [7]. The asymmetry is defined as A = 



s-like 



TT 1 1 1 I I I I 



I * I I .»',; !,, ,|..... g 




Momentum (GeV/c) 



FIG. 1. The (U — D)/(U + D) asymmetry as a function 
of momentum for FC e-like and /x-like events and PC 
events. While it is not possible to assign a momentum to 
a PC event, the PC sample is estimated to have a mean 
neutrino energy of 15 GeV. The Monte Carlo expecta- 
tion without neutrino oscillations is shown in the hatched 
region with statistical and systematic errors added in quadra- 
ture. The dashed line for /x-like is the expectation for 
«V " »j oscillations with (sin 2 20 = 1.0, Am 2 = 2.2 X 
10~ 3 eV 2 ). 



(U — D)/(U + D) where U is the number of upward- 
going events (— 1 < cos© < —0.2) and D is the num- 
ber of downward-going events (0.2 < cos© < 1). The 
asymmetry is expected to be near zero independent of the 
flux model for E„ > 1 GeV, above which effects due to 
the Earth's magnetic field on cosmic rays are small. Based 
on a comparison of results from our full Monte Carlo simu- 
lation using different flux models [1,2] as inputs, treat- 
ment of geomagnetic effects results in an uncertainty of 
roughly ±0.02 in the expected asymmetry of e-like and 
/i-like sub-GeV events and less than ±0.01 for multi-GeV 
events. Studies of decay electrons from stopping muons 
show at most a ±0.6% up-down difference in Cherenkov 
light detection [17]. 

Figure 1 shows A as a function of momentum for 
both e-like and /U.-like events. In the present data, the 
asymmetric as a function of momentum for e-like events is 
consistent with expectations, while the /tt-like asymmetry 
at low momentum is consistent with zero but significantly 
deviates form expectations at higher momentum. The 
average angle between the final state lepton direction and 
the incoming neutrino direction is 55° at p = 400 MeV/c 
and 20° at 1.5 GeV/c. At the lower momenta in Fig. 1, the 
possible asymmetry of the neutrino flux is largely washed 
out. We have found no detector bias differentiating e-like 
and /i-like events that could explain an asymmetry in 
/i-like events but not in e-like events [7]. 
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Considering multi-GeV (FC + PC) muons alone, the 
measured asymmetry, A = -0.296 ± 0.048 ± 0.01 de- 
viates from zero by more than 6 standard deviations. 

We have examined the hypotheses of two-flavor f„ <-► 
v e and p„ «-» v T oscillation models using a x 2 com- 
parison of data and Monte Carlo, allowing all important 
Monte Carlo parameters to vary weighted by their expected 
uncertainties. 

The data were binned by particle type, momentum, and 
cos 0. A x 1 is defined as 

X 2 = X Cdata 

cos (") ,p 

where the sum is over five bins equally spaced in cos 0 and 
seven momentum bins for both e-like events and ci-like 
plus PC events (70 bins total). The statistical error, cr, 
accounts for both data statistics and the weighted Monte 
Carlo statistics. Ndata is the measured number of events 
in each bin. /Vmc is the weighted sum of Monte Carlo 
events: 

-£data 



Nt, 



V<r 2 + I^/<rj, (2) 



N M 



(3) 



-^ MC MC events 

-Cdata and £ M c are the data and Monte Carlo live times 
For each Monte Carlo event, the weight w is given by 



w = (1 + a)(E l r /E 0 f(l + V.,.m cos0) 



X / e ^(sin 2 20,Am 2 ,(l + \)L/E„) 



(i - p,m 

(1 + P,/2) 

(1 - P,„/2) 

(1 + P m /2){\ -|f 

(1 + /3„,/2)(l + f ) 



sub-GeV e-like, 
sub-GeV ,11-like, 
multi-GeV e-like , 

multi-GeV /j,-like , 



PC. 



(4) 



E' v is the average neutrino energy in the ith momentum bin; 
Eq is an arbitrary reference energy (taken to be 2 GeV); 
Vs (Vm) is the up-down uncertainty of the event rate in 
the sub-GeV (multi-GeV) energy range; Npc is the total 
number of Monte Carlo PC events; and N ^ is the total 
number of Monte Carlo FC multi-GeV muons. The factor 
fc/j. weights an event accounting for the initial neutrino 
fluxes (in the case of v^ «-► v e ), oscillation parameters, 
and L/E„. The meaning of the Monte Carlo fit para- 
meters, a and e, = (/3 t , f},„, S,p, A, tj s , tj,„) and their as- 
signed uncertainties, cr,, are summarized in Table II. The 
overall normalization, a , was allowed to vary freely. The 
uncertainty in the Monte Carlo LfE v ratio (A) was con- 
servatively estimated based on the uncertainty in an ab- 
solute energy scale, uncertainty in neutrino-lepton angular 
and energy correlations, and the uncertainty in production 
height. The oscillation simulations used profiles of neu- 
trino production heights calculated in Ref. [18], which ac- 
count for the competing factors of production, propagation, 
and decay of muons and mesons through the atmosphere. 



TABLE II. Summary of Monte Carlo fit parameters. Best- 
fit values for v ,, «-» !< T (Am 2 = 2.2 X 1CT 3 eV 2 , sin 2 20 = 
1.0) and estimated uncertainties are given. (*) The overall 
normalization (a) was estimated to have a 25% uncertainty but 
was fitted as a free parameter. 



Monte Carlo fit parameters 



Best fit 



Uncertainty 



a Overall normalization 

8 E v spectral index 

f3 s Sub-GeV (x/e ratio 

/3„, Multi-GeV fi/e ratio 

p Relative nonn. of PC to FC 

A L/E, 

f] s Sub-GeV up-down 

f] m Multi-GeV up-down 



15.8% (*) 

0.006 a s = 0.05 

-6.3% o\, = 8% 

-11.8% a,„ = 12% 

-1.8% o> = 8% 

3.1% er A = 15% 

2.4% or; = 2.4% 

-0.09% it'" = 2.7% 



For v p «-» t> e , effects of matter on neutrino propagation 
through the Earth were included following Ref. [19,20]. 
Because of the small number of events expected from 
t production, the effects of t appearance and decay were 
neglected in simulations of v^ «-> v r . A global scan was 
made on a (sin 2 26, log Am 2 ) grid minimizing x 2 with re- 
spect to a, /3 S , /3 m , S,p, A, Tjj, and r\ m at each point. 

The best fit to v^ «-+ v T oscillations, x™m = 65.2/ 
67 DOF, was obtained at (sin 2 20 = 1.0, Am 2 = 2.2 X 
10~ 3 eV 2 ) inside the physical region (0 < sin 2 2$ < 1). 
The best-fit values of the Monte Carlo parameters (sum- 
marized in Table II) were all within their expected errors. 
The global minimum occurred slightly outside of the physi- 
cal region at (sin 2 20 = 1.05, Am 2 = 2.2 X 10" 3 eV 2 , 
A-min = 64.8/67 DOF). The contours of the 68%, 90%, 
and 99%> confidence intervals are located at ^ min + 2.6, 
5.0, and 9.6 based on the minimum inside the physical re- 
gion [21]. Thee contours are shown in Fig. 2. The region 
near x 2 minimum is rather flat and has many local minima 
so that inside the 68%> interval the best-fit Am 2 is not 
well-constrained. Outside of the 99% allowed region the 
X 2 increases rapidly. We obtained x 2 = 135/69 DOF, 
when calculated at sin 2 2d = 0, A/n 2 = 0 (i.e., assuming 
no oscillations). 

For the test of v^ «-* v e oscillations, we obtained a 
relatively poor fit; A-min = 87.8/67 DOF, at (sin 2 2d = 
0.93, Am 2 = 3.2 X 10~ 3 eV 2 ). The expected asymmetry 
of the multi-GeV e-like events for the best-fit v^ <-► 
v e oscillation hypothesis, A = 0.205, differs from the 
measured asymmetry, A = —0.036 ± 0.067 ± 0.02, by 
3.4 standard deviations. We conclude that the v^ «-► v e 
hypothesis is not favored. 

The zenith angle distributions for the FC and PC samples 
are shown in Fig. 3. The data are compared to the Monte 
Carlo expectation (no oscillations, hatched region) and the 
best-fit expectation for i*„ «-» v T oscillations (bold line). 

We also estimated the oscillation parameters consider- 
ing the R measurement and the zenith angle shape sepa- 
rately. The 90% confidence level allowed regions for each 



1565 



524 Ref. 16.2: Evidence for Oscillation of Atmospheric Neutrinos 

Volume 81, Number 8 PHYSICAL REVIEW LETTERS 



24 August 1998 



> 

E 



: 


V - V 

|i z 


1 ' : 


i 


Kamiokande ~- 


! 


r 


Super-Kamiokande 3>,- 


, ~\ 


<s .- 


\ 


68% 
— 90% 
99% 


x.3 


■ 


1.1,1, 


1 



sftfae 

FIG. 2. The 68%, 90%, and 99% confidence intervals are 
shown for sin 2 28 and Am 2 for v^ *-* v r two-neutrino oscil- 
lations based on 33.0 kton yr of Super-Kamiokande data. The 
90% confidence interval obtained by the Kamiokande experi- 
ment is also shown. 



case overlapped at 1 X 10~ 3 < Am 2 < 4 X 10" 3 eV 2 
for sin 2 20 = 1. 

As a cross-check of the above analyses, we have re- 
constructed the best estimate of the ratio L/E„ for each 
event. The neutrino energy is estimated by applying a 
correction to the final state lepton momentum. Typi- 



cally, final state leptons with p ~ 100 MeV/c carry 65% 
of the incoming neutrino energy increasing to ~85% at 
p = 1 GeV/c. The neutrino flight distance L is esti- 
mated following Ref. [18] using the estimated neutrino 
energy and the reconstructed lepton direction and flavor. 
Figure 4 shows the ratio of FC data to Monte Carlo for 
e-like and /i-like events with p > 400 MeV as a func- 
tion of L/E„, compared to the expectation for v^ <-> v T 
oscillations with our best-fit parameters. The e-like data 
show no significant variation in L/E„, while the /i-like 
events show a significant deficit at large L/E„. At large 
L/E v , the v^ have presumably undergone numerous os- 
cillations and have averaged out to roughly half the 
initial rate. 

The asymmetry A of the e-like events in the present data 
is consistent with expectations without neutrino oscilla- 
tions and two-flavor v e <-> v^ oscillations are not favored. 
This is in agreement with recent results from the CHOOZ 
experiment [22]. The LSND experiment has reported the 
appearance of v e in a beam of v^ produced by stopped 
pions [23]. The LSND results do not contradict the 
present results if they are observing small mixing angles. 
With the best-fit parameters for v^ <-> v T oscillations, we 
expect a total of only 15-20 events from v T charged- 
current interactions in the data sample. Using the current 
sample, oscillations between v ^ and v T are indistinguish- 
able from oscillations between v ^ and a noninteracting 
sterile neutrino. 

Figure 2 shows the Super-Kamiokande results overlaid 
with the allowed region obtained by the Kamiokande 




sub-GeV 

250 r 



multi-GeV 



H-like 

p < 0.4 GeV/c 





-1 -0.6 -02 0.2 0.6 
cose 

FIG. 3. Zenith angle distributions of /x-like and e-like events for sub-GeV and multi-GeV data sets. Upward-going particles 
have cos@ < 0 and downward-going particles have cos© > 0. Sub-GeV data are shown separately for p < 400 MeV/c and 
p > 400 MeV/c. Multi-GeV <?-like distributions are shown for p < 2.5 and p > 2.5 GeV/c and the multi-GeV /x-like are shown 
separately for FC and PC events. The hatched region shows the Monte Carlo expectation for no oscillations normalized to the data 
live time with statistical errors. The bold line is the best-fit expectation for v^ *-* v T oscillations with the overall flux normalization 
fitted as a free parameter. 
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FIG. 4. The ratio of the number of FC data events to FC 
Monte Carlo events versus reconstructed LjE v . The points 
show the ratio of observed data to MC expectation in the 
absence of oscillations. The dashed lines show the expected 
shape for v^ <-> 1> T at Am 2 = 2.2 X 1CT 3 eV 2 and sin i 29 = 
1. The slight LjE v dependence for e-like events is due to 
contamination (2-7%) of v „ CC interactions. 



experiment [4]. The Super-Kamiokande region favors 
lower values of Am 2 than allowed by the Kamiokande 
experiment; however the 90% contours from both ex- 
periments have a region of overlap. Preliminary stud- 
ies of upward-going stopping and through-going muons 
in Super-Kamiokande [24] give allowed regions consis- 
tent with the FC and PC event analysis reported in this 
paper. 

Both the zenith angle distribution of /i-like events 
and the value of R observed in this experiment signifi- 
cantly differ from the best predictions in the absence 
of neutrino oscillations. While uncertainties in the flux 
prediction, cross sections, and experimental biases are 
ruled out as explanations of the observations, the present 
data are in good agreement with two-flavor v^ <-> v r 
oscillations with sin 2 26 > 0.82 and 5 X 1CT 4 < Am 2 < 
6 X 1(T 3 eV 2 at a 90% confidence level. We con- 
clude that the present data give evidence for neutrino 
oscillations. 
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Solar neutrino experiments over the past 30 years [1-6] 
have measured fewer neutrinos than are predicted by mod- 
els of the Sun [7,8J. One explanation for the deficit is 
the transformation of the Sun's electron-type neutrinos 
into other active flavors. The Sudbury Neutrino Obser- 
vatory (SNO) measures the 8 B solar neutrinos through the 
reactions 



d — * p + p + e~ 


(CC) 


d — > p + n + v x 


(NC) 


V e~ — * v x + e~ 


(ES) 



The charged current (CC) reaction is sensitive exclusively 
to electron-type neutrinos, while the neutral current (NC) 
is sensitive to all active neutrino flavors (x = e, /x, t). The 
elastic scattering (ES) reaction is sensitive to all flavors as 
well, but with reduced sensitivity to v^ and v 7 . By it- 
self, the ES reaction cannot provide a measure of the total 
8 B flux or its flavor content. Comparison of the 8 B flux 
deduced from the ES reaction, assuming no neutrino os- 
cillations [4> BS (fx)], to that measured by the CC reaction 
[<j> cc (v e )] can provide clear evidence of flavor transfor- 
mation without reference to solar model flux calculations. 
If neutrinos from the Sun change into other active flavors, 
then <f> cc (v e ) < <t> ES {v s ). 

This Letter presents the first results from SNO on the ES 
and CC reactions. SNO's measurement of $ ES (Pi) is con- 
sistent with previous measurements described in Ref. [5], 
The measurement of <f> cc (v e ), however, is significantly 
smaller and is therefore inconsistent with the null hypothe- 
sis that all observed solar neutrinos are v e . A measurement 
using the NC reaction, which has equal sensitivity to all 
neutrino flavors, will be reported in a future publication. 

SNO [9] is an imaging water Cerenkov detector lo- 
cated at a depth of 6010 m of water equivalent in the 
INCO, Ltd. Creighton mine near Sudbury, Ontario. It 
features 1000 metric tons of ultrapure D 2 0 contained in 
a 12-m diameter spherical acrylic vessel. This sphere 
is surrounded by a shield of ultrapure H 2 0 contained in 
a 34-m-high barrel-shaped cavity of maximum diameter 
22 m. A stainless steel structure 17.8 m in diameter sup- 
ports 9456 20-cm photomultiplier tubes (PMTs) with light 
concentrators. Approximately 55% of the light produced 
within 7 m of the center of the detector will strike a PMT 
if it is not absorbed by intervening media. 

The data reported here were recorded between Novem- 
ber 2, 1999 and January 15, 2001 and correspond to a live 
time of 240.95 days. Events are defined by a multiplic- 
ity trigger of 18 or more PMTs exceeding a threshold of 
—0.25 photoelectrons within a time window of 93 ns. The 
trigger reaches 100% efficiency at 23 PMTs. The total 
instantaneous trigger rate is 15-18 Hz, of which 6-8 Hz 
is the data trigger. For every event trigger, the time and 
charge responses of each participating PMT are recorded. 

The data were partitioned into two sets, with approxi- 
mately 70% used to establish the data analysis procedures 
and 30% reserved for a blind test of statistical bias in the 
analysis. The analysis procedures were frozen before the 
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blind data set was analyzed, and no statistically significant 
differences in the data sets were found. We present here 
the analysis of the combined data sets. 

Calibration of the PMT time and charge pedestals, 
slopes, offsets, charge vs time dependencies, and second 
order rate dependencies are performed using electronic 
pulsers and pulsed light sources. Optical calibration is 
obtained by using a diffuse source of pulsed laser light at 
337, 365, 386, 420, 500, and 620 nm. The absolute energy 
scale and uncertainties are established with a triggered 
16 N source (predominantly 6.13-MeV y's) deployed over 
two planar grids within the D2O and a linear grid in the 
H2O. The resulting Monte Carlo predictions of detector 
response are tested using a 252 Cf neutron source, which 
provides an extended distribution of 6.25-MeV y rays 
from neutron capture, and a 3 H(/?,-y) 4 He [10] source 
providing 19.8-MeV y rays. The volume-weighted mean 
response is approximately nine PMT hits per MeV of 
electron energy. 

Table I details the steps in data reduction. The first of 
these is the elimination of instrumental backgrounds. Elec- 
trical pickup may produce false PMT hits, while electrical 
discharges in the PMTs or insulating detector materials 
produce light. These backgrounds have characteristics 
very different from Cerenkov light, and are eliminated by 
using cuts based only on the PMT positions, the PMT time 
and charge data, event-to-event time correlations, and veto 
PMTs. This step in the data reduction is verified by com- 
paring results from two independent background rejection 
analyses. 

For events passing the first stage, the calibrated times 
and positions of the hit PMTs are used to reconstruct the 
vertex position and the direction of the particle. The re- 
construction accuracy and resolution are measured using 
Compton electrons from the 16 N source, and the energy 
and source variation of reconstruction are checked with a 
8 Li /3 source. Angular resolution is measured using Comp- 
ton electrons produced more than 150 cm from the I6 N 
source. At these energies, the vertex resolution is 16 cm 
and the angular resolution is 26.7°. 

An effective kinetic energy, r cff , is assigned to each 
event passing the reconstruction stage. T c f; is calculated 



TABLE I. Data reduction steps. 



Analysis step 



Number of events 



Total event triggers 
Neutrino data triggers 

Instrumental background cuts 
Muon followers 
High level cuts a 
Fiducial volume cut 
Threshold cut 

Total events 



355 320964 

143 756 178 

6 372 899 

1842491 

1 809979 

923717 

17 884 

1169 

1169 



''Reconstruction figures of merit, prompt light, and (6^). 
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using prompt (unscattered) Cerenkov photons and the po- 
sition and direction of the event. The derived energy re- 
sponse of the detector can be characterized by a Gaussian: 

R{E at ,E e ) = ,^—' ^ ; expl 



/ Eeff — E, 
V <r E (E,) 



]_ 

J2it a E (E e ) r L 2 
is the total electron energy, £ e ff : 
and a E {E e ) = (-0.4620 + 0.5470Ve7 



where E e 
7"efr + m„ 

0.008722£' c ) MeV is the energy resolution. The uncer- 
tainty on the energy scale is found to be ±1 .4%, which 
results in a flux uncertainty nearly 4 times larger. For 
validation, a second energy estimator counts all PMTs 
hit in each event, A^ii, without position and direction 
corrections. 

Further instrumental background rejection is obtained 
by using reconstruction figures of merit, PMT time residu- 
als, and the average angle between hit PMTs ((#;;)), mea- 
sured from the reconstructed vertex. These cuts test the 
hypothesis that each event has the characteristics of single 
electron Cerenkov light. The effects of these and the rest of 
the instrumental background removal cuts on neutrino sig- 
nals are quantified using the 8 Li and 16 N sources deployed 
throughout the detector. The volume-weighted neutrino 
signal loss is measured to be 1.4-o^% and the residual in- 
strumental contamination for the data set within the D2O 
is <0.2%. Lastly, cosmic ray induced neutrons and spal- 
lation products are removed using a 20 s coincidence win- 
dow with the parent muon. 

Figure 1 shows the radial distribution of all remaining 
events above a threshold of r e r f £ 6.75 MeV. The distri- 
bution is expressed as a function of the volume-weighted 
radial variable (R/R/m)^, where R/w = 600 m is the ra- 
dius of the acrylic vessel. Above this energy threshold, 
there are contributions from CC events in the D2O, ES 
events in the D2O and H2O, a residual tail of neutron cap- 
ture events, and high energy y rays from radioactivity in 
the outer detector. The data show a clear signal within the 
D2O volume. For (S/Sav) 3 > 1.0 the distribution rises 
into the H2O region until it is cut off by the acceptance 
of the PMT light collectors at R ~ 7.0 m. A fiducial vol- 
ume cut is applied at R = 5.50 m to reduce backgrounds 
from regions exterior to the D2O, and to minimize system- 
atic uncertainties associated with optics and reconstruction 
near the acrylic vessel. 

Possible backgrounds from radioactivity in the D2O and 
H 2 0 are measured by regular low level radio assays of 
U and Th decay chain products in these regions. The 
Cerenkov light character of D2O and H2O radioactivity 
backgrounds is used in situ to monitor backgrounds be- 
tween radio assays. Low energy radioactivity backgrounds 
are removed by the high threshold imposed, as are most 
neutron capture events. Monte Carlo calculations predict 
that the H 2 0 shield effectively reduces contributions of low 
energy (<4 MeV) y rays from the PMT array, and these 
predictions are verified by deploying an encapsulated Th 
source in the vicinity of the PMT support sphere. High 
energy y rays from the cavity are also attenuated by the 
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FIG. 1 . Distribution of event candidates with T c u ^ 6.75 MeV 
as a function of the volume-weighted radial variable (/?//? AV ) 3 . 
The Monte Carlo simulation of the signals, weighted by the 
results from the signal extraction, is shown as a histogram. The 
dotted line indicates the fiducial volume cut used in this analysis. 



H 2 0 shield. A limit on their leakage into the fiducial vol- 
ume is estimated by deploying the 16 N source near the 
edge of the detector' s active volume. The total contribution 
from all radioactivity in the detector is found to be <0.2% 
for low energy backgrounds and <0.8% for high energy 
backgrounds. 

The final data set contains 1169 events after the fidu- 
cial volume and kinetic energy threshold cuts. Figure 2(a) 
displays the distribution of cos0 o . the angle between the 
reconstructed direction of the event and the instantaneous 
direction from the Sun to the Earth. The forward peak 
in this distribution arises from the kinematics of the ES 
reaction, while CC electrons are expected to have a distri- 
bution which is (1 — O.34Ocos0 o ) [11], before accounting 
for detector response. 

The data are resolved into contributions from CC, ES, 
and neutron events above threshold using probability den- 
sity functions (pdf's) in 7" e f f , cos0 o , and (R/Rav) 3 , gen- 
erated from Monte Carlo simulations assuming no flavor 
transformation and the shape of the standard 8 B spec- 
trum [12] (hep neutrinos are not included in the fit). The 
extended maximum likelihood method used in the signal 
extraction yields 975.4 ± 39.7 CC events, 106.1 ± 15.2 
ES events, and 87.5 ± 24.7 neutron events for the fiducial 
volume and the threshold chosen, where the uncertainties 
given are statistical only. The dominant sources of sys- 
tematic uncertainty in this signal extraction are the energy 
scale uncertainty and reconstruction accuracy, as shown in 
Table II. The CC and ES signal decomposition gives con- 
sistent results when used with the Nut energy estimator, 
as well as with different choices of the analysis threshold 
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TABLE II. Systematic error on fluxes. 



Error source 



-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 O.S I 

cos 6„ 



J 200 


■(b) 


, . , , , 


OI00 
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B 
m 0 


H- t '=Fl 







10 II 12 20 

Kinetic energy (MeV) 



_ 



CO 


Supcr-K ESflu* , 




^-H - j i [ -1 — r 


+ 




-+- r "^^— 4- 




, i . , 


» . . . . 



10 I] 12 20 

Kinetic energy tMcV) 



FIG. 2. Distributions of (a) cos0 o and (b) extracted kinetic 
energy spectrum for CC events with R £ 5.50 m and T c!l s 
6.75 MeV. The Monte Carlo simulations lor an undistorted H B 
spectrum are shown as histograms. The ratio of the data to the 
expected kinetic energy distribution with correlated systematic 
errors is shown in (c). The uncertainties in the *B spectrum [121 
have not been included. 

and the fiducial volume tip to 6.20 m with backgrounds 
characterized by pdf's. 

The CC spectrum can be extracted from the data by 
removing the constraint on the shape of the CC pdf and 
repeating the signal extraction. 

Figure 2(b) shows the kinetic energy spectrum with sta- 
tistical error bars, with the 8 B spectrum of Ortiz et ai [12] 
scaled to the data. The ratio of the data to the predic- 
tion |7j is shown in Fig. 2(c). The bands represent the Itr 
uncertainties derived from the most significant energy- 
dependent systematic errors. There is no evidence for a 
deviation of the spectral shape from the predicted shape 
under the nonoscillation hypothesis. 

Normalized to the integrated rates above the kinetic en- 
ergy threshold of T c ({ = 6,75 MeV, the measured S B neu- 
trino fluxes assuming the standard spectrum shape [12] are 

*sno("') = l- ? 5 ± 0.07(stat)+ 0 ;lf(syst) ± 0.05(theor) 

X 10 6 cm"V ! 
*&{"*) - 2.39 ± 0.34(stat)!g;i5(syst) 

X 10 6 cm" J s _1 , 



CC error 
(percent) 



ES error 
(percent) 



Energy scale 


-5.2, +6.1 


-3.5, +5.4 


Energy resolution 


*0.5 


±0.3 


Energy scale nonlinearity 


±0.5 


±0.4 


Vertex accuracy 


±3.1 


±3.3 


Vertex resolution 


±0.7 


: (1,1 


Angular resolution 


±0.5 


±2.2 


High energy y's 


-0.8. +0.0 


-1.9, +0.0 


Low energy background 


-0.2, +0.0 


-0.2, +0.0 


Instrumental background 


-0.2, +0.0 


-0.6, +0.0 


Trigger efficiency 


0.0 


0.0 


Live lime 


±0.1 


±0.1 


Cut acceptance 


-0.6, +0.7 


-0.6, +0.7 


Earth orbit eccentricity 


±0.1 


±0.1 


17 0> t* 0 


u.o 


0.0 


Experimental uncertainty 


-6.2, +7.0 


-5.7, +6.8 


Cross section 


3.0 


0.5 


Solar Model 


-16. +20 


-16, +20 



where the theoretical uncertainty is the CC cross section 
uncertainty [131. Radiative corrections have not been ap- 
plied to the CC cross section, but they are expected to 
decrease the measured di cc (j' r ) flux [14] by up to a few 
percent. The difference between the 8 B flux deduced from 
the ES rate and that deduced from the CC rate in SNO 
is 0.64 ± 0.40 x 10° cm" 2 * -1 , or L6cr. The SNO's ES 
rate measurement is consistent with the precision measure- 
ment by Super-Kamiokande Collaboration of the *B flux 
using the same ES reaction [5[: 

<A!k(^) = 2.32 ± 0.03(stat)i 0 ;^(syst) x 10 6 cnTV 1 . 

The difference between the flux £ fed measured by 
Super-Kamiokande via the ES reaction and the 0 cc (r f ) 
flux measured by SNO via the CC reaction is 0.57 ± 
0.17 x 10 6 cm~ 2 s _l , or 3. 3(7 [15], assuming that the sys- 
tematic errors are normally distributed. The probability 
that a downward fluctuation of the Super-Kamiokande re- 
sult would produce a SNO result >3.3o- is 0.04%. For 
reference, the ratio of the SNO CC a B flux to that of the 
BPB0! solar model [7] is 0.347 ± 0.029, where all uncer- 
tainties are added in quadrature. 

If oscillation solely to a sterile neutrino is occurring, the 
SNO CC-detived S B flux above a threshold of 6.75 MeV 
will be consistent with the integrated Super-Kamiokande 
ES-derived S B flux above a threshold of 8.5 MeV [16]. By 
adjusting the ES threshold [5], this derived flux difference 
is 0.53 ± 0.17 X I0 6 ernes' 1 , or 3.1c-, The probabil- 
ity of a downward fluctuation a3.1cr is 0,13%. These 
data are therefore evidence of a nonelectron active flavor 
component in the solar neutrino flux. These data are also 
inconsistent with the "Just-So 2 " parameters for neutrino 
oscillation [17[. 
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FIG. 3. Flux of 8 B solar neutrinos which are fi or r flavor 
vs the flux of electron neutrinos as deduced from the SNO and 
Super-Kamiokande data. The diagonal bands show the total 
8 B flux 0O. V ) as predicted by BPB01 (dashed lines) and that 
derived from the SNO and Super-Kamiokande measurements 
(solid lines). The intercepts of these bands with the axes repre- 
sent the ± 1 a errors. 



Figure 3 displays the inferred flux of nonelectron fla- 
vor active neutrinos [4>(i' /JLT )] against the flux of electron 
neutrinos. The two data bands represent the one stan- 
dard deviation measurements of the SNO CC rate and the 
Super-Kamiokande ES rate. The error ellipses represent 
the 68%, 95%, and 99% joint probability contours for 
4>(v e ) and tpi^iir)- The best lit to 4>(v^ T ) is 

<£(*Vr) = 3.69 ± 1.13 X 10 6 cm~ 2 s~'. 

The total flux of active 8 B neutrinos is determined to be 

4>{v x ) = 5.44 ± 0.99 X I0 6 cm~ 2 s~'. 

This result is displayed as a diagonal band in Fig. 3, and is 
in excellent agreement with predictions of standard solar 
models [7,8]. 

Assuming that the oscillation of massive neutrinos ex- 
plains both the evidence for the electron neutrino flavor 
change presented here and the atmospheric neutrino data 
of the Super-Kamiokande collaboration [18], two separate 
splittings of the squares of the neutrino mass eigenval- 
ues are indicated: <10~ 3 eV 2 for the solar sector ]19,17J 
and = 3.5 X I0~ 3 eV 2 for atmospheric neutrinos. These 
results, together with the beta spectrum of tritium [20], 
limit the sum of mass eigenvalues of active neutrinos to 
be between 0.05 and 8.4 eV, corresponding to a constraint 
of 0.001 < fl„ < 0.18 for the contribution to the critical 
density of the Universe [21,22]. 

In summary, the results presented here are the first direct 
indication of a nonelectron flavor component in the solar 
neutrino flux, and enable the first determination of the total 
flux of 8 B neutrinos generated by the Sun. 

071301-5 



This research was supported by the Natural Sciences 
and Engineering Research Council of Canada, Industry 
Canada, National Research Council of Canada, North- 
ern Ontario Heritage Fund Corporation, the Province of 
Ontario, the United States Department of Energy, and in 
the United Kingdom by the Science and Engineering Re- 
search Council and the Particle Physics and Astronomy 
Research Council. Further support was provided by INCO, 
Ltd., Atomic Energy of Canada Limited (AECL), Agra- 
Monenco, Canatom, Canadian Microelectronics Corpo- 
ration, AT&T Microelectronics, Northern Telecom, and 
British Nuclear Fuels, Ltd. The heavy water was loaned by 
AECL with the cooperation of Ontario Power Generation. 



18] 

[9] 

[10| 

[11] 

[12] 
[13] 



[14] 



[15] 



^Permanent address: Birkbeck College, University of Lon- 
don, Malct Road, London WC1E 7HX, UK. 

'Deceased. 

^Permanent address: TRIUMF, 4004 Wcsbrook Mall, Van- 
couver, BC V6T 2A3, Canada. 

^Permanent address: Rutherford Applcton Laboratory, 
Chilton, Didcot, Oxon, OX II 0QX, and University of 
Sussex, Physics and Astronomy Department, Brighton 
BN1 9QH, United Kingdom, 

B.T. Cleveland et al, Astrophys. J. 496, 505 (1998). 
K.S. Hirata etui, Phys. Rev. Lett. 65, 1297 (1990); K. S. 
Hirata et al, Phys. Rev. D 44, 2241 (1991); 45, 2170(E) 
(1992); Y. Fukuda et al, Phys. Rev. Lett. 77, 1683 (1996). 
J.N. Abdurashitov et al, Phys. Rev. C 60, 055801 
(1999). 

W. Hampel et al, Phys. Lett. B 447, 127 (1999). 
S. Fukuda et al, Phys. Rev. Lett. 86, 5651 (2001). 
M. Altmann et al, Phys. Lett. B 490, 16 (2000). 
J.N. Bahcall, M. H. Pinsonneault, and S. Basu, Astro- 
phys. J. 555, 990 (2001). The reference 8 B neutrino flux 
is 5.05 X 10 6 cm-'-r 1 . 

A. S. Brun, S. Turck-Chiczc, and J. P. Zahn, Astrophys. J. 
525, 1032 (1999); S. Turck-Chieze et al, Astrophys. J. 
Lett. 555, L69 (2001). 

The SNO Collaboration, J. Boger et al, Nucl. Instrum. 
Methods Phys. Res., Sect. A 449, 172 (2000). 
A. W. P. Poon et al, Nucl. Instrum. Methods Phys. Res., 
Sect. A 452, 115 (2000). 

P. Vogel and J.F. Beacom, Phys. Rev. D 60, 053003 
(1999). 

C. E. Ortiz et al, Phys. Rev. Lett. 85, 2909 (2000). 
S. Nakamura, T. Sato, V. Gudkov, and K. Kubodera, Phys. 
Rev. C 63, 034617 (2001); M. Butler, J.-W. Chen, and 
X. Kong, Phys. Rev. C 63, 035501 (2001); G. 't Hooft, 
Phys. Lett. 37B, 195(1971). The Butler etal cross section 
with Li A = 5.6 fm 3 is used. 

I. S. Towner, J. Beacom, and S. Parke (private commu- 
nication); I.S. Towner, Phys. Rev. C 58, 1288 (1998); 
J. Beacom and S. Parke, hep-ph/0106128; J.N. Bahcall, 
M. Kamionkowski, and A. Sirlin, Phys. Rev. D 51, 6146 
(1995). 

Given the limit set for the hep flux by Ref. [5], the effects 
of the hep contribution may increase this difference by a 
few percent. 

071301-5 



SNO Collaboration 531 

Volume 87, Number 7 PHYSICAL REVIEW LETTERS 13August2001 

[16J G.L. Fogli, E. Lisi, A. Palazzo, and F.L. Villantc, Phys. L19J M. Apollonio et at., Phys. Lett. B 466, 415 (1999). 

Rev. D 63, 1 13016 (2001); F. L. Villante, G. Fiorentini, and [201 J- Bonn et at, Nucl. Phys. (Proc. B Suppl.) 91, 273 (2001). 

E. Lisi, Phys. Rev. D 59, 013006 (1999). [21J Allen's Astrophysical Quantities, edited by Arthur Cox 
[17] J.N. Bahcall, P.I. Krastev, and A. Yu. Smirnov, J. High (Springer- Verlag, New York, 2000), 4th ed.; D.E. Groom 

Energy Phys. 05, 015 (2001). " et at, Eur. Phys. J. C 15, 1 (2000). 

[18] T. Toshito et at, hep-ex/0105023. [22] H. Pas and T.J. Weiler, Phys. Rev. D 63, 113015 (2001). 



071301-6 071301-6 



532 Ref. 16.6: Neutral-Current Interaction 

Volume 89, Number 1 PHYSICAL REVIEW LETTERS 1 July 2002 

Direct Evidence for Neutrino Flavor Transformation from Neutral-Current Interactions 
in the Sudbury Neutrino Observatory 

Q.R. Ahmad, 17 R.C. Allen, 4 T.C. Andersen, 6 J. D.Anglin, 10 J.C. Barton, 11 -* E. W. Beier, 12 M. Bercovitch, 10 J. Bigu, 7 

S.D. Biller, 11 R.A. Black, 11 I. Blevis, 5 R.J. Boardman, 11 J. Boger, 3 E. Bonvin, 14 M.G. Boulay, 9 - 14 M.G. Bowler," 

T.J. Bowles, 9 S.J. Brice, 9 ' 11 M.C. Browne, 17 - 9 XV. Bullard, 17 G. Buhler, 4 J. Cameron," Y.D. Chan, 8 H.H. Chen, 4 - 1 

M. Chen, 14 X. Chen, 8 -" B.T Cleveland, 11 E.T.H. Clifford, 14 J.H.M. Cowan, 7 D.F. Cowen, 12 G.A. Cox, 17 

X. Dai," F. Dalnoki-Veress, 5 W.F. Davidson, 10 P.J. Doe, 17 - 9 - 4 G Doucas, 11 M.R. Dragowsky, 9 - 8 C. A. Duba, 17 

FA. Duncan, 14 M. Dunford, 12 J.A. Dunmore," E.D. Earle, 14 - 1 S.R. Elliott, 17 - 9 H.C. Evans, 14 G.T. Ewan, 14 

J. Farine, 7 - 5 H. Fergani," A.P Ferraris," R.J. Ford, 14 J.A. Formaggio, 17 M.M. Fowler, 9 K. Frame," E.D. Frank, 12 

W. Frati, 12 N. Gagnon,"- 9 - 8 - 17 J.V Germani, 17 S. Gil, 2 K. Graham, 14 D.R. Grant, 5 R.L. Hahn, 3 A.L. Hallin, 14 

E.D. Hallman, 7 A.S. Hamer, 9 - 14 A. A. Hamian, 17 W.B. Handler, 14 R.U. Haq, 7 C.K. Hargrove, 5 P.J. Harvey, 14 

R. Hazama, 17 K.M. Heeger, 17 W.J. Heintzelman, 12 J. Heise, 2 - 9 R.L. Helmer, 16 - 2 J.D. Hepburn, 14 H. Heron," 

J. Hewett, 7 A. Hime, 9 M. Howe, 17 J.G Hykawy, 7 M.C. P. Isaac, 8 P. Jagam, 6 N.A. Jelley," C. Jillings, 14 

G. Jonkmans, 7 - 1 K. Kazkaz, 17 P.T Keener, 12 J.R. Klein, 12 A.B. Knox, 11 R.J. Komar, 2 R. Kouzes, 13 T. Kutter, 2 

C.C.M. Kyba, 12 J. Law, 6 I.T. Lawson, 6 M. Lay, 11 H. W. Lee, 14 K.T. Lesko, 8 J.R. Leslie, 14 I. Levine, 5 W. Locke," 

S. Luoma, 7 J. Lyon," S. Majerus," H.B. Mak, 14 J. Maneira, 14 J. Manor, 17 A.D. Marino, 8 N. McCauley, 12 - 11 

A.B. McDonald, 14 - 13 D.S. McDonald, 12 K. McFarlane, 5 G. McGregor," R. Meijer Drees, 17 C. Mifflin, 5 

G.G. Miller, 9 G Milton, 1 B.A. Moffat, 14 M. Moorhead," C.W. Nally, 2 M.S. Neubauer, 12 FM. Newcomer, 12 

H.S. Ng, 2 A.J. Noble, 16 - 5 E.B. Norman, 8 V.M. Novikov, 5 M. O'Neill, 5 C.E. Okada, 8 R.W. Ollerhead, 6 M. Omori," 

J.L. Orrell, 17 S.M. Oser, 12 A.W.P. Poon, 8 - 17 - 2 - 9 T.J. Radcliffe, 14 A. Roberge, 7 B.C. Robertson, 14 R.G.H. Robertson, 17 - 9 

S.S.E. Rosendahl, 8 J.K. Rowley, 3 V.L. Rusu, 12 E. Saettler, 7 K.K. Schaffer, 17 M.H. Schwendener, 7 A. Schulke, 8 

H. Seifert, 7 - 17 - 9 M. Shatkay, 5 J.J. Simpson, 6 C.J. Sims, 11 D. Sinclair, 5 - 16 P. Skensved, 14 A. R. Smith, 8 M.W. E. Smith, 17 

T. Spreitzer, 12 N. Starinsky, 5 T.D. Steiger, 17 R.G Stokstad, 8 L.C. Stonehill, 17 R.S. Storey, 10 B. Sur, 1 - 14 R. Tafirout, 7 

N. Tagg, 6 -" N.W. Tanner," R.K. Taplin," M. Thorman," P.M. Thornewell," P.T. Trent, 11 Y.I. Tserkovnyak, 2 

R. Van Berg, 12 R.G. Van de Water, 9 - 12 C.J. Virtue, 7 C.E. Waltham, 2 J.-X. Wang, 6 D.L. Wark, 15 -"- 9 N. West," 

J.B. Wilhelmy, 9 J.F Wilkerson, 17 - 9 J.R. Wilson," P. Wittich, 12 J.M. Wouters, 9 and M. Yeh 3 

(SNO Collaboration) 

1 Atomic Energy of Canada, Limited, Chalk River Laboratories, Chalk River, Ontario KOJ 1J0, Canada 

2 Department of Physics and Astronomy, University of British Columbia, Vancouver, British Columbia V6T 1Z1, Canada 

3 Chemistry Department, Brookhaven National Laboratory, Upton, New York 1 1973-5000 

4 Department of Physics, University of California, Irvine, California 92717 

^Carleton University, Ottawa, Ontario K1S 5B6, Canada 

^Physics Department, University of Guelph, Guelph, Ontario NIG 2W1, Canada 

1 Department of Physics and Astronomy, Laurentian University, Sudbury, Ontario P3E 2C6, Canada 

^Institute for Nuclear and Particle Astrophysics and Nuclear Science Division, Lawrence Berkeley National Laboratory, 

Berkeley, California 94720 

9 Los Alamos National Laboratory, Los Alamos, New Mexico 87545 

National Research Council of Canada, Ottawa, Ontario K1A 0R6, Canada 

11 Department of Physics, University of Oxford, Denys Wilkinson Building, Keble Road, Oxford 0X1 3RH, United Kingdom 

12 Department of Physics and Astronomy, University of Pennsylvania, Philadelphia, Pennsylvania 19104-6396 

13 Department of Physics, Princeton University, Princeton, New Jersey 08544 

14 Department of Physics, Queen's University, Kingston, Ontario K7L 3N6, Canada 

15 Rutherford Appleton Laboratory, Chilton, Didcot, Oxon 0X11 OQX, United Kingdom 

and University of Sussex, Physics and Astronomy Department, Brighton BN1 9QH, United Kingdom 

' 6 TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada 

11 Center for Experimental Nuclear Physics and Astrophysics, and Department of Physics, University of Washington, 

Seattle, Washington 98195 
(Received 19 April 2002; published 13 June 2002) 

Observations of neutral-current v interactions on deuterium in the Sudbury Neutrino Obser- 
vatory are reported. Using the neutral current (NC), elastic scattering, and charged current 
reactions and assuming the standard 8 B shape, the v,, component of the 8 B solar flux is 
$, = 1.76i!ij!(stat)±i5;°»(syst) X 10 6 cm~ 2 s~' for a kinetic energy threshold of 5 MeV. The non-^, 
component is </> M7 = 3.41-(i45(stat)-(i45(syst) X 10 6 cnr 2 s~\ 5.3a- greater than zero, providing 
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strong evidence for solar v ( , flavor transformation. The total flux measured with the NC reaction is 
c/»nc ^ 5.09-o;43(stat)i(,;43(syst) x 10 6 cm _2 s _1 , consistent with solar models. 



DOI: 10.1 103/PriysRevLctt.89.01 1301 

The Sudbury Neutrino Observatory (SNO) detects 8 B 
solar neutrinos through the reactions: 

v e +d^p + p + e~ (CC), 

v x + d -> p + n + v x (NC) , 

v x + e~ -~ v x + e~ (ES). 

The charged current (CC) reaction is sensitive exclusively 
to electron-type neutrinos, while the neutral current (NC) 
reaction is equally sensitive to all active neutrino flavors 
(x = e,fi,r). The elastic scattering (ES) reaction is sen- 
sitive to all flavors as well, but with reduced sensitivity to 
Vp and v T . Sensitivity to these three reactions allows SNO 
to determine the electron and nonelectron active neutrino 
components of the solar flux [1]. The CC and ES reac- 
tion results have recently been presented |2J. This Letter 
presents the first NC results and updated CC and ES results 
from SNO. 

SNO 13] is a water Cherenkov detector located at a depth 
of 60 10 mof water equivalent in the INCO, Ltd. Creighton 
mine near Sudbury, Ontario, Canada. The detector uses 
ultrapure heavy water contained in a transparent acrylic 
spherical shell 12 m in diameter to detect solar neutrinos. 
Cherenkov photons generated in the heavy water are de- 
tected by 9456 photomultiplier tubes (PMTs) mounted on 
a stainless steel geodesic sphere 17.8 m in diameter. The 
geodesic sphere is immersed in ultrapure light water to 
provide shielding from radioactivity in both the PMT ar- 
ray and the cavity rock. 

The data reported here were recorded between 2 Novem- 
ber 1999 and 28 May 2001 and represent a total of 306.4 
live days, spanning the entire first phase of the experiment, 
in which only D 2 0 was present in the sensitive volume. 
The analysis procedure was similar to that described in 
[2J. PMT times and hit patterns were used to reconstruct 
event vertices and directions and to assign to each event a 
most probable kinetic energy, 7^. The total flux of active 
8 B solar neutrinos with energies greater than 2.2 MeV (the 
NC reaction threshold) was measured with the NC signal 
(Cherenkov photons resulting from the 6.25 MeV y ray 
from neutron capture on deuterium). The analysis thresh- 
old was r c ff > 5 MeV, providing sensitivity to neutrons 
from the NC reaction. Above this energy threshold, there 
were contributions from CC events in the D2O, ES events 
in the D2O and H2O, capture of neutrons (both from the 
NC reaction and backgrounds), and low energy Cherenkov 
background events. 

A fiducial volume was defined to accept only events 
which had reconstructed vertices within 550 cm from the 
detector center to reduce external backgrounds and sys- 
tematic uncertainties associated with optics and event re- 
construction near the acrylic vessel. The neutron response 
and systematic uncertainty was calibrated with a 252 Cf 
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PACS numbers: 26.65. +t, l4.60.Pq, 95.85.Ry 

source. The deduced efficiency for neutron captures on 
deuterium is 29.9 ± 1.1% for a uniform source of neu- 
trons in the D2O. The neutron detection efficiency within 
the fiducial volume and above the energy threshold is 
14.4%. The energy calibration was updated from [21 with 
the 16 N calibration source [41 data and Monte Carlo calcu- 
lations. The energy response for electrons, updated for the 
lower analysis threshold, was characterized as a Gaussian 
function with resolution a-, = -0.0684 + 0.33 \^T e + 
0.0425 r,,, where T e is the true electron kinetic energy in 
MeV. The energy scale uncertainty is 1.2%. 

The primary backgrounds to the NC signal are due to 
low levels of uranium and thorium decay chain daughters 
( 214 Bi and 208 T1) in the detector materials. These activities 
generate free neutrons in the D 2 0, from deuteron photodis- 
integration (pd), and low energy Cherenkov events. Ex situ 
assays and in situ analysis of the low energy (4-4.5 MeV) 
Cherenkov signal region provide independent uranium and 
thorium photodisintegration background measurements. 

Two ex situ assay techniques were employed to de- 
termine average levels of uranium and thorium in water. 
Radium ions were directly extracted from the water onto 
either MnO x or hydrous Ti oxide (HTiO) ion exchange 
media. Radon daughters in the U and Th chains were 
subsequently released, identified by a spectroscopy, or 
the radium was concentrated and the number of decay 
daughter fj-a coincidences determined. Typical assays 
circulated approximately 400 tonnes of water through the 
extraction media. These techniques provide isotopic iden- 
tification of the decay daughters and contamination levels 
in the assayed water volumes, presented in Fig. 1(a). Secu- 
lar equilibrium in the U decay chain was broken by the 
ingress of long-lived (3.8 day half-life) 222 Rn in the ex- 
periment. Measurements of this background were made 
by periodically extracting and cryogenically concentrating 
222 Rn from water degassers. Radon from several tonne 
assays was subsequently counted in ZnS(Ag) scintillation 
cells [5J. The radon results are presented [as mass frac- 
tions in g(U)/g(D 2 0)] in Fig. 1(b). 

Independent measurements of U and Th decay chains 
were made by analyzing Cherenkov light produced by the 
radioactive decays. The fj and fj-y decays from the U 
and Th chains dominate the low energy monitoring win- 
dow. Events in this window monitor y rays that pro- 
duce photodisintegration in these chains (E 7 > 2.2 MeV). 
Cherenkov events fitted within 450 cm from the detector 
center and extracted from the neutrino data set provide 
a time-integrated measure of these backgrounds over the 
same time period and within the fiducial volume of the 
neutrino analysis. Statistical separation of in situ Tl and 
Bi events was obtained by analyzing the Cherenkov signal 
isotropy. Tl decays always result in a fj and a 2.614 MeV 
-y, while in this energy window Bi decays are dominated 
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FIG. I (color). Thorium (a) and uranium (b) backgrounds 
(equivalent equilibrium concentrations) in the D>0 deduced 
by in situ and ex situ techniques. The MnO, and HTiO 
radiochemical assay results, the Rn assay results, and the 
in situ Cherenkov signal determination of the backgrounds 
are presented for the period of this analysis on the left-hand 
side of frames (a) and (b). The right-hand side shows limc- 
intcgratcd averages including an additional sampling systematic 
uncertainty for the ex situ measurement. 



by decays with only a /J, and produce, on average, more 
anisotropic hit patterns. 

Results from the ex siru and in situ methods are 
consistent with each other as shown on the right-hand 
side of Figs. 1(a) and 1(b). For the 232 Th chain, the 
weighted mean (including additional sampling systematic 
uncertainty) of the two determinations was used lor the 
analysis. The nB U chain activity is dominated by Rn 
ingress which is highly time dependent. Therefore the 
in situ determination was used for this activity as it pro- 
vides the appropriate time weighting. The average rate of 
background neulron production from activities in the D2O 
region is 1.0 ± 0.2 neutrons per day, leading to 44_q 
detected background events. The production rate from 
external activities is l.3-o!s neutrons per day, which leads 
10 27 ± 8 background events since the neutron capture 
efficiency is reduced Tor neutrons born near the heavy 
water boundary. The total photodisintegration background 
corresponds to approximately 12% of the number of NC 
neutrons predicted by the standard solar model from S B 
neutrinos. 

Low energy backgrounds from Cherenkov events in the 
signal region were evaluated by using acrylic encapsulated 



sources of U and Th deployed throughout the detector vol- 
ume and by Monte Carlo calculations. Probability den- 
sity functions (pdfs) in reconstructed vertex radius derived 
from U and Th calibration data were used to determine 
the number of background Cherenkov events from exter- 
nal regions which either entered or misreconstrueted into 
the fiducial volume, Cherenkov event backgrounds from 
activities in the DiO were evaluated with Monte Carlo 
calculations. 

Table I shows the number of photodisintegration and 
Cherenkov background events (including systematic un- 
certainties) due to activity in the DiO (internal region), 
acrylic vessel (AV), HiO (external region), and PMT ar- 
ray. Other sources of free neutrons in the D^O region are 
cosmic ray events and atmospheric neutrinos. To reduce 
these backgrounds, an additional neutron background cut 
imposed a 250-ms dead lime (in software) following e\cr> 
event in which the total number of PMTs which registered 
a hit was greater than 60. The number of remaining NC 
atmospheric neutrino events and background events gener- 
ated by sub-Cherenkov threshold muons is estimated to be 
small, as shown in Table I. 

The data recorded during the pure D2O detector phase 
are shown in Fig. 2. These data have been analyzed using 
the same data reduction described in |2|, with the addition 
of the new neutron background cut, yielding 2928 events 
in the energy region selected for analysis, 5 to 20 MeV, 
Figure 2(a) shows the distribution of selected events in the 
cosine of the angle between the Cherenkov event direction 
and the direction from the Sun (eos(5 0 ) for the analysis. 
threshold of 7" c (f 2: 5 MeV and fiducial volume selection 
of R £ 550 cm, where R is the reconstructed event radius. 
Figure 2(b) shows the distribution of events in the volume- 
weighted radial variable (R/R A v)\ where Rav = 600 cm 
is the radius of the acrylic vessel. Figure 2(c) shows the 
kinetic energy spectrum of the selected events. 

In order to test the null hypothesis, the assumption that 
there are only electron neutrinos in the solar neutrino 

TABLE 1. Neutron and Cherenkov background events. 



Source 



Events 



D:0 photodisintegration 
H^O + AV photodisintegration 
Atmospheric c's and 
Fission 

sub-Cherenkov threshold ft*& 
l H(a, or)pn 
l7 0(«,n) 

Terrestrial and reactor P's 
External neutrons 
Total neutron background 
D2O Cherenkov 
H;0 Cherenkov 
AV Cherenkov 
PMT Cherenkov 
Toial Cherenkov background 



44!ij 
271* 
4 ± 1 

<Kt 

2 ±0A 

<K1 
,+1 

1 1 
«l 
78 ± 

20b 
d 

45ig 
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FIG. 2 (color), (a) Distribution of cosfl 0 for R £ 550 cm. 
(h) Disiriliuiiini uf the volume weighted radial variable 
(R/Rw)*. (c) Kinetic energy for R £ 550 cm. Also shown 
are the Monte Carlo predictions for CC. ES, and NC + bkgd 
neutron events sealed 10 the fit results, and the calculated 
spectrum of Cherc.nk.ov background (bkgd) events. The dashed 
lines represent the summed components, and the bands show 
± I it uncertainties. All distributions are for events with 
r,, f 2: 5 MeV. 

flux, the data are resolved into contributions from CC, 
ES, and NC events above threshold using pelfs in 7' eff , 
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cos0 s , and (/J/Kav)" 1 . derived from Monte Carlo calcu- 
lations generated assuming no flavor transformation and 
the standard 8 B spectral shape |6|. Background event 
pdfs are included in the analysts with fixed amplitudes 
determined by the background calibration. The extended 
maximum likelihood method used in the signal decompo- 
sition yields l9(>7.7-tl)i CC events, 2G3.6?§% ES events, 
and 576.5_4g;j NC events [7], where only statistical un- 
certainties are given. Systematic uncertainties on fluxes 
derived by repeating the signal decomposition with per- 
turbed pdfs (constrained by calibration data) are shown 
in Table II. 

Normalized to the integrated rates above the kinetic en- 
ergy threshold of T c ff > 5 MeV, the flux of 8 B neutrinos 
measured with each reaction in SNO, assuming the stan- 
dard spectrum shape [6] is (all fluxes are presented in units 
of 10 6 cm~ 2 s _l ) 

^^ o = 5,09!^(st a t)+^( S yst}. 

Electron neutrino cross sections are used to calculate all 
fluxes. The CC and ES results reported here are consistent 
with the earlier SNO results [2] for T i(t a 6.75 MeV. The 
excess of the NC flux over the CC and ES fluxes implies 
neutrino flavor transformations. 

A simple change of variables resolves the data directly 
into electron (4> P ) and nonelectron (<t># 7 ) components [9], 

^ = 1.76^{stat): 0 ;^(syst), 
^^ = 3.4l!^(stat);^(syst), 

assuming the standard B B shape. Combining the sta- 
tistical and systematic uncertainties in quadrature, ifcpr 
is 3.4I*[J;64, which is 5.3<r above zero, providing 
strong evidence for flavor transformation consistent 
with neutrino oscillations [10,11], Adding the Super- 
Kamiokande ES measurement of the 8B flux |12] 
<£,fs - 2.32 ± 0.03(stat)I u :o1{syst) as an additional 
constraint, we find 4>in = 3.45 -o^j, which is 5.5(7 above 
zero. Figure 3 shows the flux of nonelectron flavor active 
neutrinos vs the flux of electron neutrinos deduced from 
the SNO data. The three bands represent the one standard 
deviation measurements of the CC, ES, and NC rates. 
The error ellipses represent the 68%, 95%, and 99% joint 
probability contours for efr ( . and d>^ 7 . 

Removing the constraint that the solar neutrino energy 
spectrum is undistorted, the signal decomposition is re- 
peated using only the cosc? 0 and (R/R,\v)* information. 
The total flux of active S B neutrinos measured with the 
NC reaction is 

^^ 0 = 6.42*!;^(stat)^;|(syst), 

which is in agreement with the shape constrained value 
above and with the standard solar model (SSM) prediction 
[I3]for 8 B, di SSM -5.05*i;g;. 

01 1301-4 



536 
Volume 89, Number 1 



Ref. 16.6: Neutral-Current Interaction 
PHYSICAL REVIEW LETTERS 



1 July 2002 



TABLE IL 


Systematic uncertainties on fluxes. The experimental 


uncertainty tor ES (not ( 


hown 


is 


-4.8, 


+ 5.0 


percent. 


Source 




CC uncertainty 
(percent) 




NC uncertainly 
(percent) 








$» 


r uncertainty 
(percent) 



Energy scale" 
Energy resolution 1 ' 
Energy nonlineariiy' 
Vertex resolution' 1 
Vertex accuracy 
Angular resolution 
Internal source pd" 
External source pd 
D02 Cherenkov" 
H02 Cherenkov 
AV Cherenkov 
PMT Cherenkov" 
Neutron capture 
Cut acceptance 
Experimental uncertainly 
Cross section [8] 



-4.2, +4.3 
-0.9, +0,0 

±0.1 

±0.0 
-2.8, +2.9 
-0.2, +0.2 

±0.0 

±0.1 
-0.1, +0.2 

±0.0 

±0.0 

±0.1 

±0.0 
-0.2, +0.4 
-5.2, + 5.2 

±1.8 



-6.2, +6.1 
-0.0, +4.4 

±0.4 

±0.1 

±1.8 
-0.3, +0.3 
-1.5, + 1.6 
-1.0, + 1.0 
-2.6, + 1.2 
-0.2, +0.4 
-0.2, +0.2 
-2.1, +1.6 
-4.0. +3.6 
-0.2, +0.4 
-8.5, +9.1 

±1.3 



-10.4, + 10.3 


-0.0, +6.8 


±0.6 


±0.2 


±1.4 


-0.3, +0.3 


-2.0, +2.2 


±1.4 


-3.7, + 1.7 


-0.2, +0.6 


-0.3, +0.3 


-3.0, +2.2 


-5.8. +5.2 


-0.2, +0.4 


-13.2, + 14,1 



:l.4 



■"Denotes CC vs NC anlicoiTclalion. 



In summary, the results presented here are the first di- 
rect measurement of the total flux of active *B neutrinos 
arriving from the Sun and provide strong evidence for neu- 
trino flavor transformation. The CC and ES reaction rates 
are consistent with the earlier results [2] and with the NC 
reaction rate under the hypothesis of flavor transformation. 
The total flux of S B neutrinos measured with the NC reac- 
tion is in agreement with the SSM prediction. 



E 
o 




* t (10 



FIG. 3 (color). Flux of S B solar neutrinos which are /iorr 
flavor vs flux of electron neutrinos deduced from the three neu- 
trino reactions in SNO. The diagonal bands show the total S B 
flux as predicted by the SSM [ 1 3] (dashed lines) and thai mea- 
sured with the NC reaction in SNO (solid band). The inter- 
cepts of these bands with the axes represent the ±lcr errors. 
The bands intersect at the fit values for $,. and ^ r , indicating 
that the combined flux results are consistent with neutrino flavor 
transformation assuming no distortion in the ^B neutrino energy 
spectrum. 
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The primary goal of the Kamioka Liquid Scintil- KamLAND occupies the site of the earlier Kamio- 

lator Anti-Neutrino Detector (KamLAND) [1] is a kande [6], under 2700 m.w.e. of rock resulting in 0.34 Hz 

search for the oscillation of v e \ emitted from dis- of cosmic-ray muons in the detector. Shown in Fig. I, 

tant power reactors. The long baseline, typically 180 km, the neutrino detector/target is 1 kton of ultrapure LS 

enables KamLAND to address the oscillation solution contained in a 13-m-diameter spherical balloon made of 

[2,3] of the "solar neutrino problem" [4] with i> e 's 135-/um-thick transparent nylon/EVOH (ethylene vinyl 

under laboratory conditions. The inverse /3-decay reac- alcohol copolymer) composite film. A network of Kevlar 

tion, v e + p — > e + + n is used to detect i> e 's in liquid ropes supports and constrains the balloon. The LS is 80% 

scintillator (LS) [5]. Detecting both the e + and the de- dodecane, 20% pseudocumene (1,2,4-trimethylbenzene), 

layed 2.2 MeV -y-ray from neutron capture on a proton is a and 1.52 g/liter of PPO (2,5-diphenyloxazole) as a fluor. 

powerful tool for reducing background. This Letter A buffer of dodecane and isoparaffin oils between the 

presents first results from an analysis of 162 ton -yr balloon and an 18-m-diameter spherical stainless-steel 

(145.1 d) of the reactor v e data. containment vessel shields the LS from external radiation. 
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FIG. E, Schematic diagram of the KamLAND detector 

During Riling water extraction and nitrogen stripping [7] 
purified the LS and buffer oil (BO). The buffer oil density 
is 0,04% lower than the LS, A 1879 photomultiplier tube 
array, mounted on the containment vessel, completes the 
inner detector (ID). There are 1325 newly developed fast 
17-inch-diameter photomultiplier tubes (PMTs) and 554 
older Kamiokande 20-inch PMTs [81. The total photo- 
cathode coverage is 34% but only the 17-inch PMTs with 
22% coverage are used for the present analysis A 3-mm- 
thick acrylic barrier at 16.6-m diameter reduces radon 
from PMT glass in the LS. The containment vessel is 
surrounded by a 3.2 kton water-Cherenkov detector with 
225 20- inch PMTs. This outer detector (OD) absorbs y 
rays and neutrons from surrounding rock and acts as a lag 
for cosmic-ray muons. The primary ID trigger threshold 
is 200 PMT hits, corresponding to about 0.7 MeV The 
threshold goes to 120 hits for I msec after a primary 
trigger. The OD trigger threshold corresponds to > 99% 
tagging efficiency. 

Energy response in the 0.5 to 7.5 MeV range is cali- 
brated with flS Gc, 65 Zn, fltl Co, and Am- Be y-ray sources 
deployed at various positions along the vertical axis. 
Detected energy is obtained from the number of observed 
photoelectrons (p.e.) after corrections for gain variation, 
solid angle, density of PMTs. shadowing by suspension 
ropes, and transparencies of the LS and BO. Figure 2(a) 
shows the fractional deviation of the reconstructed ener- 
gies from the known source energies. The M Ge and w, Co 
sources emit two coincident y rays and are plotted at an 
average energy in Fig. 2(a). The observed energy resolu- 
tion is ~7.5%A/£(MeV). 

The energy scale is augmented from studies of the 
radiation from *°K and M8 TI and Bi-Po contaminants. 
as well as '-B- and '-N-spailation products, and y rays 
from neutron capture on protons and "C. The recon- 
structed energy varies by less than 0.5% within a 10-m- 
diameler volume except for 1.6% variations near the 
chimney. The energy scale is stable to 0.6% during the 
run. Corrections for quenching and Cherenkov light pro- 
duction are included, and contribute to the systematic 
error in Fig, 2(a). The estimated systematic error in the 
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(R/6,5m) 3 

FIO. 2. (a) The fractional difference of the reconstructed 
average energies and known source y energies. The dashed 
lines show the adopted systematic error, (b) The /?- 1 vertex 
distribution of 2.2 MeV neutron capture Yk The level of 
uniformity over the fiducial volume is used in the estimate of 
the fiducial volume uncertainly. 



energy is 1.9% at our 2.6 MeVanalysis threshold giving a 
2.1% uncertainty in the rate above threshold. 

Event locations are reconstructed from the timing of 
PMT hits After energy-dependent radial adjustments, the 
known source positions are reconstructed to —5 cm; the 
typical position resolution is —25 cm. Vertex reconstruc- 
tion performance throughout the LS volume is verified by 
reproducing the uniform distribution of 2.2 MeV capture 
y's from spallation neutrons, as shown in Fig, 2(b). 

The data presented in this Letter were collected from 
March 4 through October 6, 2002. We obtained 370 x 10" 
events in 145. 1 d of live time at an average trigger rate of 
= 30 Hz. Events with less than 10000 p.e. (-30 MeV} 
and no prompt OD tag are "reactor- v,. candidates"; more 
energetic events are "muon candidates." 

The selection cuts for v t events are the following: 
(i) fiducial volume (R < 5 m), (ii) time correla- 
tion (0.5 /tsec < AT < 660 /isec), (iii) vertex corre- 
lation (A/? < 1.6 m), (iv) delayed energy 
(1.8 MeV < fjciay < 2.6 MeV), and (v) a requirement 
[hat the delayed vertex position be more than 1,2 m 
from the central vertical axis to eliminate background 
from LS monitoring thermometers. The overall efficiency 
for the events from criteria (ii)-(v) including the effect of 
(i) on the delayed vertex is (78.3 ± 1. 6)%, 

Including annihilation, the detected energy for posi- 
trons is the kinetic energy plus twice the rest energy; 
thus on the average e* from v t events yield 
■^prompt ~ E v, ~ En ~ 0-8 MeV, where E„ is the average 
recoil energy of the neutron. Antineutrinos from 2M U and 
23Z Th in the Earth, "geoneutrinos" (P gC ii) can produce 
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events with £ pronlpt < 2.49 MeV. Model la in Ref. [91 
predicts about 9 i> 0 events in our data set. However, 
the abundances and distributions of U and Th are not 
well known. We employ (vi) a prompt energy cut, 
^prompt > 2.6 MeV, to avoid ambiguity in the present 
analysis. 

The fiducial volume is estimated using the expected 
uniform distribution of spallation-product neutron- 
capture events shown in Fig. 2(b). The ratio of events in 
the fiducial volume to the total volume agrees with the 
geometric fiducial fraction to within 4.1%. This method is 
also used for higher energy events from l2 N, l2 B /3's 
following muon spallation; the agreement is within 
3.5%. Accounting for the 2.1% uncertainty in the total 
LS mass, we estimate a 4.6% uncertainty in the fiducial 
volume. The LS density is 0.780 g/cm 3 at 1 1.5 °C; the 
expected hydrogen-to-carbon ratio of 1.97 was verified 
by elemental analysis to ±2%. The specific gravity is 
measured to 0.01% precision and we assign an additional 
0.1% error from the uncertainty in the temperature. The 
408 ton fiducial mass thus contains 3.46 X 10 31 free 
target protons. 

The trigger efficiency was determined to be 99.98% 
with LED light sources. The combined efficiency of the 
electronics, data acquisition, and event reconstruction 
was studied using time distributions of uncorrelated 
events from calibration y sources. We find that this com- 
bined efficiency is better than 99.98%. The vertex fitter 
yields > 99.9% efficiency within 2 m of known source 
positions. With calibrated 60 Co and 65 Zn sources, the 
overall efficiency was checked to the 3% source-strength 
uncertainties. The detection efficiency for delayed events 
from the Am-Be source (4.4 MeV prompt y and 2.2 MeV 
delayed neutron capture y within 1.6 m) was verified to 
1% certainty. 

Studies of Bi-Po sequential decays indicate that 
the effective equilibrium concentrations of 238 U and 
232 Th in the LS are (3.5 ±0.5) x 10~ l8 g/g and 
(5.2±0.8)X 10~ l7 g/g, respectively. The observed back- 
ground energy spectrum indicates that 40 K contamination 
is less than 2.7 X 10 _l6 g/g. The extremely low level of U 
and Th contamination in the LS provides an optimistic 
prospect for future solar neutrino experiments with 
KamLAND. The flat accidental background, observed 
in a delayed time window of 0.020-20 sec, is 0.0086 ± 
0.0005 events for the present data set. 

The most serious source of external y rays from 2(B T1 
(E y £ 3 MeV) is strongly suppressed by the fiducial 
volume cut (i). At higher energies, the background is 
dominated by spallation products from energetic muons. 
We observe ~3 000 neutron events/day /kton. We also ex- 
pect ~ 1 300 events/day /kton [10] for various unstable 
products. 

Single neutrons are easily suppressed with a 2-msec 
veto following a muon. Care is required to avoid neutrons 
which mimic the P e delayed coincidence signal. Most 



external fast neutrons are produced by muons which 
pass through both the OD and the surrounding rock. 
This background is studied by detecting delayed coinci- 
dence events tagged with a muon detected by only the 
OD. As expected, events concentrate near the balloon 
edge. The background in the fiducial volume is estimated 
by extrapolating the distribution of vertex positions and 
accounting for the 92% OD reconstruction efficiency. The 
number of background events due to neutrons from the 
surrounding rock is estimated from the OD-tagged data 
scaled by the relative neutron production and the shield- 
ing factor of the relevant materials. The estimated total 
fast neutron background is less than 0.5 events in the 
entire data set. 

Most radioactive spallation products simply beta 
decay, and are effectively suppressed by requiring a de- 
layed neutron. Delayed neutron emitters such as 
8 He (7*i/2 = 119 msec) and 9 Li (178 msec) are eliminated 
by two time/geometry cuts: (a) a 2-sec veto in the entire 
fiducial volume following a "showering muon" (more 
than 10 6 p.e., ~3 GeV, extra energy deposition), (b) for 
other muons, delayed events within 2 sec and 3 m of the 
muon track are rejected. The cut efficiency is estimated 
from the observed correlation of spallation neutrons with 
muon tracks. The remaining 8 He and 9 Li background is 
estimated to be 0.94 ± 0.85. The dead time from spalla- 
tion cuts is 11.4%. This is checked by constructing the 
time distribution of the events following a detected muon 
to separate the short-lived spallation-produced activities 
from v c candidates. The uncorrelated v t distribution has 
a time constant of i/R^ — 3 sec, where R^ is the muon 
rate. Spallation products all have a shorter time constant 
(~ 0.2 sec). The two selected methods agree to 3% accu- 
racy. As shown in Table I, the total number of expected 
background events is 1 ± 1, where the fast neutron con- 
tribution is included in the error estimate. 

Instantaneous thermal power, burnup, and fuel ex- 
change records for all commercial Japanese power reac- 
tors are provided by the power companies. The thermal 
power generation is checked with the independent records 
of electric power generation. The fission rate for each 
fissile isotope is calculated as a function of time and the 
systematic uncertainty in the v e flux is 1%. Averaged over 
live time, the relative fission yields from fuel components 
are 235 U: 238 U: 239 Pu: 24l Pu = 0.568 : 0.078 : 0.297 : 
0.057. The v e spectrum per fission with a 2.5% error 
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TABLE II. Estimated systematic uncertainties {%). 



Total LS mass 


2.1 


Reactor power 


2.0 


Fiducial mass ratio 


4.! 


Fuel composition 


1.0 


Energy threshold 


2.1 


Time lag 


0.28 


Efficiency of cuts 


21 


v spectra (11] 


2.5 


Live time 


0.07 


Cross section [14| 


0.2 


Total systematic error 






6.4% 



are taken from |11|. This neutrino spectrum has been 
tested to a few percent with short -baseline reactor T>,. 
experiments [5,12). The finite lifetimes of fission prod- 
ucts introduce a 0.28% uncertainty to the v t . flux. The 
contribution from Korean reactors is estimated to be 
(2,46 ± 0.25)% based on reported electric power gen- 
eration. The rest of the World's reactors contribute 
(0.70 ± 0.35)% from an estimate using reactor specifica- 
tions from the International Nuclear Safety Center |I3|. 
In the absence of p, disappearance the expected number 
of v e events is 86.8 ± 5.6; the systematic error contribu- 
tions are listed in Table 11. 

The ami neutrinos at KamLAND are provided by many 
nuclear reactors but the flux is actually dominated by a 
few powerful reactors at an average distance of ~ 1 80 km. 
More than 79% of the flux is from 26 reactors between 
138-214 km away. One close reactor at 88 km contributes 
6.7%; other reactors are more than 295 km away. The 
relatively narrow band of distances allows KamLAND to 
be sensitive to spectra! distortions for certain oscillation 
parameters. 

Figure 3 shows the energy distribution of delayed co- 
incidence events with no energy cuts A we II -separated 
cluster of 2.2 MeV capture y's is evident. One observed 
event with delayed energy around 5 MeV and prompt 
energy of about 3,1 MeV (not shown in Fig, 3) is consistent 
with the expected neutron radiative capture rale on '-C. 
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delayed energy window 
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2 3 4 5 6 7 8 
Prompt Energy (MeV) 

FIG. 3 (color). Distribution of P, candidates after lidueial 
volume, time, vertex correlation, and spallation cuts arc ap- 
plied. For v r events the prompt energy is attributed to positrons 
and the delayed energy to neutron capture. Events within the 
horizontal lines bracketing the delayed energy of 2.2 MeV are 
consistent with thermal neutron capture on protons. 



The observed space-time correlation of the prompt and 
delayed events agrees with expectations, and the mea- 
sured capture lime of 188 ± 23 /xsec is consistent with 
predictions for LS. After applying all the prompt and 
delayed energy cuts, 54 events remain. Accounting for 
~ 1 background event the probability of a fluctuation from 
86.8 expected is <0.05% by Poisson statistics. The ratio 
of observed reactor P e events lo expected in the absence 
of neutrino disappearance is 



■■v„, 



N 6 



- 0.611 ±0.085(slat) ± 0.041 (syst). 



^cxpL-eted 

Figure 4 shows the ratio of measured to expected flux for 
KamLAND as well as previous reactor experiments as a 
function of Ihe average distance from the source. 

The expected prompt positron spectrum wilh no oscil- 
lations and the best fit with reduced x~ = 0.31 for 8 
degrees of freedom for two-flavor neutrino oscilla- 
tions above the 2.6 MeV threshold are show r n in Fig. 5- 
A clear deficit of events is evident At ihe 93% C.L. 
the data are consistent with a distorted spectrum shape 
expected from neutrino oscillations, but a scaled no- 
osci Hation shape is also consistent at 53% C.L as deter- 
mined by Monte Carlo. 

The neutrino oscillation parameter region for two- 
neutrino mixing is shown in Fig. 6. The dark shaded 
area is the MSW-LMA [19] region at 95% C.L derived 
from 1 16]. The shaded region outside the solid line is 
excluded at 95% C.L from the rale analysis with 
X* a 3.84 and 
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FIG. 4 (color). The ratio of measured to expected v t flux 
from reactor experiments [15]. The solid circle is the 
KamLAND result plotted al a flux-weighted average distance 

of ~ ISO km. The shaded region indicates the range of flux 
predictions corresponding lo the 95% C.L LMA region from :i 
global analysis of the solar neutrino data [I6J. The dotted 
curve, sin ! 20 = 0.833 and Am 2 - 5.5 X 10" * eV 2 [16], is rep- 
resentative of a best -tit LMA prediction and the dashed curve is 
expected for no oscillations. 
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4 6 

Pmmpl Energy (MeV') 

PiG. 5 (color). Upper panel: Expected reactor P r energy 
spectrum along with S^w (model la of [9j) and background. 
Lower panel: Energy spectrum of the observed prompt events 
(solid circles with error bars), along with the expected no 
oscillation spectrum (upper histogram, with p^ and hack- 
ground shown J and best fit (lower histogram) including neu- 
trino oscillations. The shaded band indicates the systematic 
error in the best-lit specirum. The vertical dashed line corre- 
sponds to the analysis threshold at 2.6 MeV. 



x 2 - 



[0.611 - R(sm 2 29, Am 2 )] 2 
0.085 2 + 0.04] 2 



Here. /f(sin 2 2ft Am 2 ) is the expected ratio with the oscil- 
lation parameters. 

The final event sample is evaluated using a maximum 
likelihood method to obtain the optimum set of oscilla- 
tion parameters with the following x 2 definition: 

X 1 = ,rL(5in 2 20. Am 2 , rV B Gi-2. a,- 4 ) 

- 2 logL shapc (sin 2 20, Am 2 , N BG ^ 2 , at,-*) 

+ AbG^BGI-?) + ^diMOHiiM( a! l~4)' 

i-shiipe ' s Hie likelihood function for the spectrum includ- 
ing experimental distortions. /Vbgi-:? are the estimated 
''Li and 8 He backgrounds and or]-_ 4 are parameters to 
account for the spectral effects of energy scale uncer- 
tainty, linile resolution, f' t , spectrum uncertainty, and 
fiducial volume systematic error, respectively. Pa- 
rameters are varied to minimize the x 1 at each pair of 
[Am 2 , sin 2 #] with a bound from aIgWbgi-^) and 
'tdistcmii>n( a 'i— i)- The best fit to the data in the physical 
region yields sin 2 2S = 1.0 and Am- = 6.9 x I0 _i eV 2 
while the global minimum occurs slightly outside of the 
physical region at sin~2# = 1,01 with the same Am 2 . 
These numbers can be compared to the best lit LMA 
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FIG. 6 (color). Excluded regions of neutrino oscillation pa- 
rameters for the rate analysis and allowed regions for the 
combined rate and shape analysis from KamLAND at 95% 
C.L. At the lop are the 95% C.L. excluded region from CIIOOZ 
[17] and Palo Verde [18] experiments, respectively. The 95% 
C.L. allowed region of the large mixing angle (LMA) solution 
of solar neutrino experiments [ 16] is also shown. The solid 
circle shows the best fit to the KamLAND data in the physical 
region: sin 2 20 — 1.0 and Am 2 — 6.9 X 10~ 5 eV 2 . All regions 
look identical under 9 — (tt/2 — 8) except for the LMA region 
from solar neutrino experiments. 

values of sin 2 20 = O,83 and Am 2 = 5,5 X I0~ 5 eV 2 
from 1 16], The 95% C.L. allowed regions Tram the spec- 
trum shape analysis for A^- 2 = 5.99 and two parameters 
are shown in Fig. 6. The allowed regions displayed for 
KamLAND correspond to 0< .8 < f consistent with 
the solar LMA solution, while the allowed regions in 
J < 8 < f are the same (20) but do not include the solar 
solution. 

The results from a spectral shape analysis with a 
0.9 MeV threshold are consistent with the above resulL 
In this low-energy analysis, the measured P 5to fluxes are 
free para meters. The numbers of ^~, events for the best fit 
are four for 2 - ls U and five for 2,2 Th, which corresponds to 
—40 TW radiogenic heal generation according to model 
la in 1 9], However, for the same model, P„„, production 
powers from 0 to 1 10 TW are still allowed at 95% C.L. 
wilh Ihe same oscillation parameters. 

If three neutrino generations are considered, the P g 
survival probability depends on two mixing angles 9\ 1 
and #u. In the region close to the best tit KamLAND 
solution the survival probability is, to a very good ap- 
proximation, given by 

P{v t . - P c ) = cos-'fljl - sin 2 2<?, 2 sin 2 ^ 2 ^ 1 . 

wilh Am], = Am 2 from the I wo- flavor analysis above. 
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The CHOOZ experiment [171 established an upper limit 
of sin 2 20 13 < 0.15, or cos 4 0 13 > 0.92. Our best fit result 
corresponds approximately to 0.86 < sin 2 2#| 2 < 1.0. 

In summary, KamLAND demonstrated reactor v e 
disappearance at long baselines and high confidence level 
(99.95%) for the first time. One expects a negligible 
reduction of v e flux from the SMA, LOW, and VAC 
solar neutrino solutions, and the LMA region is the only 
remaining oscillation solution consistent with the Kam- 
LAND result assuming CPT invariance. The allowed 
LMA region is constrained by KamLAND. Future 
KamLAND measurements with improved statistical pre- 
cision and reduced systematic errors will provide preci- 
sion determinations of neutrino oscillation parameters. 
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ment Institute. Kamioka Mining and Smelting Company 
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Six quarks, six leptons, together with the gluons of QCD and the photon and weak bosons, 
are enough to describe the tangible world and more, with remarkable economy. Only the 
Higgs boson is missing among the ingredients of the canonical Standard Model. And yet 
we know we are missing much more than this. The last ten years of cosmological obser- 
vations have established that the ordinary matter of quarks and leptons accounts for just 
5% of the energy density of the Universe, that another 23% is "dark matter," outside the 
Standard Model, and 72% of the energy density isn't due to matter at all. Moreover, we 
can't answer the most basic question of all: why is there something rather than nothing? 
Why didn't all the matter created in the Big Bang ultimately annihilate, particle against 
antiparticle? Andrei Sakharov explained that CP violation must be part of the answer, but 
we know it isn't just the CP violation of the CKM matrix, for that wouldn't account for the 
amount of matter that remains. On the other hand, the strong interactions might have been 
CP violating but aren't. Why not? 

These questions are pressed upon us by facts and demand answers. Other questions arise 
more from aesthetics: Are the strong and electroweak forces themselves unified? What 
about gravity? Are there more forces still to be discovered? Why are there three generations 
of quarks and leptons? Even more audaciously, why are there three spatial dimensions, or 
perhaps, are there more than three spatial dimensions? 

These are questions of physics, not metaphysics, because there are experiments to 
address them. At CERN, the LEP tunnel is filled with 8-T magnets to constrain counter- 
rotating beams of 7-TeV protons. The gargantuan ATLAS and CMS detectors, the 
descendants of UA-1, UA-2, CDF, and DO, are there to pick out the 100 or so most 
interesting events of the 10 9 that will be produced each second. At this energy, either the 
Higgs boson or some surrogate must make its appearance. Supersymmetry would provide 
a replica of each known particle, with its spin offset by half a unit. Among these could be 
the particle that makes up dark matter. 

Particle physics, which has its origins in studies of cosmic rays and nuclear decays, is 
returning to these phenomena to answer basic questions. Dark matter must be a form of 
cosmic rays and might be detected through collisions with ordinary matter if only all the 
extraneous backgrounds could be excluded by going deep underground with supersensitive 
detectors. The absence of CP violation in the strong interactions can be explained at the 
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cost of introducing an axion, a feebly interacting particle a bit like a completely stable 
neutral pion. The axion might itself be the dark matter and could be detected by converting 
it to a photon in a resonant cavity. 

The CP violation that accounts for the baryon-antibaryon asymmetry might reside in 
very heavy neutrinos, which are beyond our reach. Still, we can seek circumstantial evi- 
dence by looking for CP violation in the light neutrinos, whose mixing is only partially 
understood. We don't know yet how much of the electron-neutrino resides in the third 
neutrino mass eigenstate, the one whose mass is far from that of the other two. All CP 
violating effects in neutrinos are proportional to this amplitude, sin #13. Experiments both 
with accelerators and nuclear reactors are underway to measure this small quantity. 

Perhaps words borrowed from Winston Churchill best describe Dark Energy "a riddle 
wrapped in a mystery inside an enigma." It dominates the energy budget of the Universe 
but it isn't matter at all. About its properties we only know one thing: its pressure is nearly 
the negative of its energy. Einstein's abandoned Cosmological Constant, A, fits the bill, for 
it gives p/p = — 1 exactly, but the value of A required is some 120 orders of magnitude 
larger than one would expect on dimensional grounds, showing that we really don't under- 
stand this at all. Alternatively, the Dark Energy might be something dynamical, not static. 
The expansion history of the Universe, gleaned from precision measurements of distant 
type la supernovae, from weak gravitational lensing of distant galaxies, and from correla- 
tions between the locations of galaxies extracted from hundreds of millions of redshifts, 
provide the best means of learning more about Dark Energy. The same measurements can 
check that the acceleration of the expansion of the Universe is not due to a failure of Gen- 
eral Relativity, but really due to Dark Energy. 

Some of the questions before particle physics have puzzled people for millennia. What 
is the world, the Universe, made of? How did it start? How will it end? Others - like why is 
there any matter at all - require both understanding and imagination even to pose. What 
is remarkable and thrilling is that we can expect to learn something about these formerly 
metaphysical questions by doing real experiments. 
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